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INTRODUCTION 

The  aim  of  the  project  was  to  investigate  the  role  of  early  life  processes,  endocrine  mediators  and 
number  of  susceptible  cells  on  adult  life  breast  cancer  risk.  Based  on  the  hypothesis  that  breast 
cancer  risk  is  a  function  of  number  of  mammary  gland  cells  at  risk  of  transformation  and  that  this 
number  is  largely  modulated  by  perinatal  events  and  conditions,  five  component  projects  were 
initiated.  The  first  three  focused  on  perinatal  characteristics,  including  immediate  postnatal 
growth,  in  relation  to  mammary  gland  mass  and  breast  cancer  risk,  whereas  the  last  two  explored 
the  relation  of  pregnancy  hormones  with  breast  cancer  risk  and  with  cellular  populations  that  are 
likely  to  correlate  with  mammary  stem  cell  potential.  The  five  projects  were  interlinked  and  they 
addressed  the  hypothesis  that  growth  and  mammotropic  hormones  in  perinatal  life  affect  the 
number  of  susceptible  mammary  gland  cells.  This  number  is  likely  to  be  reflected  in  birth  size 
and  rate  of  postnatal  growth  that,  in  turn,  represent  intennediate  steps  and  correlates  of 
mammary  gland  mass  and  breast  cancer  risk  in  adult  life.  The  progress  on  each  component 
project  (CP)  will  be  reported  separately  to  facilitate  the  reader. 


BODY 


CPI  “ Association  of  growth  during  the  first  postnatal  week  with  breast  cancer  risk  in  adult  life ” 


CPI  PI:  Prof  Anders  Ekbom,  Unit  of  Clinical  Epidemiology ,  Dept,  of  Medicine,  Karolinska 

Institutet/Karolinska  University  Hospital,  SE-171  76  Stockholm,  Sweden. 

Timetable  of  research  accomplishments  of  CPI  as  outlined  in  the  Statement  of  Work. 

Task  1  To  investigate  the  association  of  growth  during  the  first  postnatal  week  with 
breast  cancer  risk  in  adult  life: 

a.  Retrieval  of  available  birth  records  from  1,068  women  with  incident  breast  cancer  and 
2,727  control  women.  (Months  1-24) 

b.  Extraction  of  data  on  growth  of  newborns  during  the  first  postnatal  week,  as  well  as 
information  on  covariates  to  be  used  in  the  analysis.  (Months  25-30) 

c.  Linkage  of  data  on  postanatal  growth  and  perinatal  covariates  to  cancer  and  mortality 
registries.  (Months  31-36) 

d.  Data  analyses.  (Months  37-48) 

e.  Manuscript  preparation  and  submission.  (Months  49-60) 

CPI  progress  report 

The  retrieval  of  birth  records  (task  la),  as  well  as  the  extraction  of  data  on  growth  of  newborns 

(task  lb)  and  linkage  with  cancer  and  mortality  registries  (task  lc)  have  been  completed.  In 

accordance  with  the  time  plan,  tasks  Id  and  e  have  now  been  completed. 

Specifically: 
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•  The  retrieval  of  birth  records  from  1,068  women  with  incident  breast  cancer  and  2,727 
control  women  has  been  completed. 

•  The  extraction  of  data  on  growth  of  newborns  during  the  first  postnatal  week  has  been 
completed.  Birth  records  with  postnatal  growth  information  were  available  for  405  breast 
cancer  patients  and  1081  age-  and  hospital-matched  controls. 

•  Linkage  with  cancer  and  mortality  registries  has  been  completed. 

•  Data  analyses  have  been  completed.  A  manuscript  has  been  published. 

CP  1  key  research  accomplishments 
Summary 

We  found  that  postnatal  weight  loss  (an  indicator  of  water  loss,  likely  to  reflect  water  retention 
associated  with  pregnancy  honnones),  as  well  as  neonatal  weight  gain  rate  after  reaching  the 
nadir  (known  to  reflect  growth  hormone  levels),  are  significantly  positively  associated  with 
premenopausal  breast  cancer  risk  (Lagiou  et  al,  2008  -  see  Appendix  2) 

Specifically: 

Birth  size  has  been  positively  associated  with  breast  cancer  risk  in  the  offspring  (PLoS  Med 
2008;  5:  el  93),  but  no  study  had  evaluated  the  association  of  neonatal  growth  with  this  risk,  even 
though  neonatal  growth  could  be  of  particular  importance,  as  it  is  strongly  associated  with 
neonatal  IGF-1  levels  (Paediatr  Perinat  Epidemiol  2003;17:281-6).  IGF-1  levels,  which  could 
track  through  life,  have  been  associated  with  breast  cancer  risk,  particularly  premenopausal 
breast  cancer  risk  (Lancet  2004;363:1346-1353  ;  Lancet  Oncol.  20 1 0;  1 1:530-42.). 

We  conducted  a  case-control  study  nested  within  a  population-based  cohort  of  women,  born  in 
Sweden  from  1901  through  1961.  Newborn  charts  were  available  for  405  of  the  1068  eligible 
breast  cancer  patients  and  for  1081  of  the  2727  eligible  control  women,  all  bom  from  1901  and 
on.  The  general  growth  pattern  of  newborns  is  a  decline  in  weight  during  the  first  week  of  the 
post-natal  period,  followed  by  an  increase  in  weight  (Arch  Dis  Child  Fetal  Neonatal  Ed 
2003;88:F472-6).  To  examine  whether  these  two  different  phases  of  postnatal  pattern  of  growth 
were  associated  with  subsequent  risk  of  breast  cancer,  we  determined  maximum  postnatal  weight 
loss  [defined  as  (birth  weight)  -  (lowest  weight  recorded  during  the  hospital  stay)]  and  the  rate  of 
growth  since  the  nadir  [defined  as  (weight  at  discharge  -  weight  at  nadir)/(day  at  discharge  -  day 
at  nadir)]. 

We  created  five  mutually  exclusive  categories:  (a)  neonates  who  remained  at  the  maternity 
wards  for  more  than  2 1  days  without  regaining  their  birth  weight  -  these  neonates  were 
analyzed  separately,  because  their  weight  loss  and  gain  did  not  conform  to  a  usual  pattern;  (b) 
neonates  with  a  maximum  postnatal  weight  loss  of  <200g  and  rate  of  growth  after  nadir 
<25g/day;  (c)  neonates  with  a  maximum  postnatal  weight  loss  of  >=200g  and  rate  of  growth 
after  nadir  <25g/day;  (d)  neonates  with  a  maximum  postnatal  weight  loss  of  <200g  and  rate  of 
growth  after  nadir  >=25g/day;  and  (e)  neonates  with  a  maximum  postnatal  weight  loss  of 
>=200g  and  rate  of  growth  after  nadir  >=25g/day.  The  weight  loss  cutoff  of  200  g  was  a 
round  figure  derived  from  the  6.6%  that  has  been  reported  to  be  the  median  percent  of  birth 
weight  loss  (Arch  Dis  Child  Fetal  Neonatal  Ed  2003;88:F472-6),  so  that  with  birth  weight 
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around  3000  g,  we  have  3000  g  *  0.066  ~  200g.  The  cut-off  for  the  daily  rate  of  growth  after 
nadir  was  rounded  at  25g/day,  taking  into  account  that  the  median  time  for  birth  weight 
recovery  among  children  has  been  reported  to  be  8.3  days  (Arch  Dis  Child  Fetal  Neonatal  Ed 
2003;88:F472-6),  so  that  200g  divided  by  8.3  days  equals  approximately  25g/day. 

Statistical  analyses  were  undertaken  to  examine  postnatal  growth  patterns  in  relation  to  breast 
cancer  risk  by  modelling  the  data  through  conditional  logistic  regression.  Covariates  adjusted  in 
the  analysis  included  maternal  age  (in  years,  as  a  continuous  variable),  maternal  socioeconomic 
status  (low,  medium,  and  high,  as  an  ordinal  variable),  maternal  parity  (1,2,  and  >=3,  as 
categorical  indicator  variables),  pregnancy  toxaemia  (yes,  no),  neonatal  jaundice  (yes,  no),  twin 
membership  (singleton,  monozygotic,  and  dizygotic,  as  categorical  indicator  variables),  and  birth 
weight  (<2,500,  2,500-2,999,  3,000-3,499,  3,500-3,999,  and  >=4,000g,  as  categorical  indicator 
variables). 

We  found  no  evidence  that  neonates  who  did  not  conform  to  the  usual  growth  pattern  are  at 
different  breast  cancer  risk  when  compared  to  the  reference  category  of  neonates  who  lost  less 
than  200  g  after  birth  and  grew  at  a  rate  less  than  25  g/day  after  nadir.  In  contrast,  however, 
neonates  who  lost  >200  g  after  birth,  or  neonates  who  grew  at  a  rate  of  >25  g/day  after  nadir,  or 
neonates  with  both  of  these  growth  pattern  characteristics  were  at  an  approximately  50% 
increased  risk  for  breast  cancer  in  later  life,  in  comparison  to  the  reference  category.  The  excess 
risk  was  evident  and  statistically  significant  among  women  younger  than  50  years  old,  who  were 
presumably  premenopausal  at  the  time  of  diagnosis  of  breast  cancer  (Table  CP  1.1). 

Table  CP1.1.  Conditional  logistic  regression-derived*  odds  ratios  (ORs)  and  95%  confidence  intervals  (CIs)  for 
breast  cancer  in  relation  to  patterns  of  postnatal  weight  change 


All  women  Women  <50  years  old 

(presumably  premenopausal) 


OR 

95%  Cl 

P-value 

OR 

95%  Cl 

P-value 

Maximum  weight  loss  /  daily 
weight  gain  since  nadir 

<200g  /  <25g/day 
>200g  /  <25g/day 

Reference 

1.53 

0.96-2.44 

0.08 

Reference 

1.81 

1.00-3.25 

0.048 

<200g  /  >25g/day 

1.39 

0.78-2.45 

0.26 

2.33 

1.13-4.78 

0.02 

>200g  /  >25g/day 

1.57 

0.98-2.51 

0.06 

2.04 

1.12-3.74 

0.02 

Irregulars  (hospitalized  for  >21 

1.37 

0.64-2.90 

0.42 

1.09 

0.40-2.95 

0.87 

days) 


*  Controlling  for  maternal  age,  maternal  socioeconomic  status,  maternal  parity,  pregnancy  toxaemia,  neonatal 
jaundice,  twin  membership  and  birth  weight 


We  interpret  our  findings  as  indicating  that  higher  levels  of  pregnancy  hormones,  several  of 
which  have  mammotropic  properties,  and  higher  levels  of  growth  hormones  during  the 
immediate  postnatal  period,  particularly  IGF-1,  might  play  an  important  role  in  breast  cancer, 
risk,  particularly  premenopausal  breast  cancer  risk,  several  decades  later. 
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The  findings  of  this  study  are  intriguing  and  the  apparent  magnitude  of  effect  (two-fold  increases 
in  premenopausal  breast  cancer  risk  for  essentially  dichotomous  contrasts)  indicates  that  the 
phenomenon  is  of  considerable  biomedical  importance.  Though  confidence  limits  were  wide, 
these  findings  indicate  that  the  perinatal  -  including  the  immediate  postnatal  -  period  is  likely  to 
play  a  key  role  in  the  natural  history  of  breast  cancer  and  provide  support  to  the  hypothesis  that 
early  life  growth  is  intimately  linked  to  the  risk  of  this  disease. 

CP  1  reportable  outcomes 

•  Results  on  the  association  of  postnatal  growth  with  breast  cancer  risk  were  presented  in  the 
February  2009,  2010  and  2011  LINKS  meetings. 

•  A  manuscript  on  the  association  of  postnatal  growth  with  breast  cancer  risk  has  been 
published  (Lagiou  et  al,  2008  -  see  Appendix  2). 

CPI  Conclusion 


The  work  under  this  component  project  was  successfully  completed.  A  manuscript  has  been 
published. 

CPI  References 


Lagiou  P,  Hsieh  CC,  Trichopoulos  D,  Adami  HO,  Hall  P,  Chie  L,  Ekbom  A.  Neonatal  growth 
and  breast  cancer  risk  in  adulthood.  Br  J  Cancer.  2008;99:1544-8. 


CP2:  “Relation  of perinatal  characteristics  and  postnatal  growth  velocity  with  mammographic 

patterns  in  adult  life ” 


CP2  PI:  Prof  Per  Hall,  Dept,  of  Medical  Epidemiology  and  Biostatistics,  Karolinska  Institute! 

P.O.  Box  281,  SE-171  77  Stockholm,  Sweden 

Timetable  of  research  accomplishments  of  CP2  as  outlined  in  the  Statement  of  Work. 

Task  2  To  investigate  the  relation  of perinatal  characteristics  and  postnatal  growth  velocity 
with  mammographic  patterns  in  adult  life: 

a.  Retrieval  of  available  birth  records  from  3,345  women  with  invasive  breast  cancer  and 
3,454  controls  (these  women  are  not  the  same  with  those  to  be  studied  in  the  context  of 
task  1).  (Months  1-48) 

b.  Retrieval  of  the  available  sequential  mammographies  of  the  women  with  breast  cancer 
and  the  control  women.  (Months  1-48) 

c.  Linkage  of  mammographic  data  to  perinatal  characteristics  and  postnatal  growth 
velocity.  (Months  30-48) 
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d.  Evaluation  of  mammographies  through  a  computer-assisted  grey-scale  thresholding 
methods  technique.  (Months  25-36) 

e.  Data  analyses.  (Months  37-48) 

f.  Manuscript  preparation  and  submission.  (Months  49-60) 

CP2  progress  report 

The  retrieval  of  birth  records  (task  2a)  ended  in  the  fall  of  2007.  The  retrieval  of  available 
mammograms  (task  2b)  was  a  multi-step  procedure.  In  a  first  step,  images  were  identified  and 
brought  to  the  Department  of  Medical  Epidemiology  and  Biostatistics  at  Karolinska.  We 
identified  45,000  images.  Due  to  the  existence  of  multiple  images  per  woman  at  various 
examinations,  a  subset  of  images  per  woman  and  mammographic  examination  was  chosen.  We 
examined  the  concordance  between  left  and  right  breast  and  the  two  major  projections  used  in 
mammograms,  cranio-caudal  (CC)  and  medio-lateral-oblique  (MLO),  in  a  subset  of  women. 
There  was  a  very  high  concordance  for  both  right  /  left  breast  and  MLO  /  CC  mammographic 
projections.  In  Sweden,  in  contrast  to  some  other  countries,  nearly  all  screening  examinations  are 
done  using  the  MLO  view. 

In  a  second  step,  all  eligible  images  were  digitized.  This  step  was  completed  in  November  2008. 
We  have  been  able  to  retrieve  and  digitize  mammograms  of  the  MLO  projection  for  more  than 
3500  study  women.  The  total  number  of  images  digitized  exceeds  18000,  since  we  retrieved 
mammograms  from  all  examinations  until  date  of  cancer  diagnosis  for  cases  or  until  the  year 
1995  for  controls,  i.e.  multiple  examinations  for  each  individual. 

In  a  third  step,  the  density  of  each  mammogram  was  measured.  The  evaluation  of  mammograms 
through  a  computer-assisted  grey-scale  thresholding  methods  technique  (task  2d)  was  done  with 
the  Cumulus  software,  a  semi-automatic  computer  assisted  technique  where  the  evaluator 
indicates  the  area  to  be  measured  (Br  J  Cancer.  2002;87:876-82).  The  program  was  installed,  and 
the  responsible  Swedish  scientists  attended  a  course  on  the  method  given  by  the  developers  of 
the  program,  Nonnan  Boyd  and  Martin  Yaffe  in  Toronto  in  April  2007  and  2008  respectively. 
We  chose  to  measure  the  last  mammogram  before  the  diagnosis  of  breast  cancer  for  cases  and 
the  corresponding  date  for  controls.  Lor  cases  the  opposite  breast  was  chosen.  Lor  controls  we 
randomly  chose  any  of  the  two  breasts.  This  part  of  the  project  was  finalized  in  late  2009. 

We  collaborated  with  radiologists  at  Karolinska  Hospital,  with  Drs  Isabel  dos  Santos  Silva  and 
Julian  Peto  at  London  School  of  Hygiene  and  Tropical  Medicine,  as  well  as  with  Dr.  Norman 
Boyd  at  the  Ontario  Cancer  Institute,  Toronto,  to  assure  good  quality  of  the  digitizing  process 
and  density  measurements.  Both  the  London  and  Toronto  group  have  for  many  years,  studied  the 
relation  of  mammographic  density  with  breast  cancer  risk,  and  are  highly  experienced  in 
digitizing  and  evaluating  density. 

We  have  conducted  analyses  on  the  association  of  birth  characteristics  retrieved  from  birth 
records  (task  2c)  with  mammographic  density  in  the  subsample  of  women  without  breast  cancer 
for  whom  mammographic  density  was  determined  and  perinatal  information  from  birth  records 
was  available  (918  women). 


A  paper  reporting  a  positive  association  of  birth  weight  with  mammographic  density  among 
postmenopausal  women  was  published  (Tamimi  et  al,  2010a  -  see  Appendix  2). 

In  summary: 

•  All  eligible  and  identified  mammograms  and  birth  characteristics  were  retrieved. 

•  All  retrieved  mammograms  were  digitized,  that  is,  more  than  18000  mammograms  of  the 
medio-lateral-oblique  projection.  These  digitized  mammograms  refer  to  more  than  3500 
study  women. 

•  Measurements  of  mammographic  density  from  our  group  were  validated  against  those  of  an 
experienced  British  group,  assuring  an  overall  high  quality  of  the  measurements. 

•  Measurements  of  mammographic  density  in  all  3,500  women  for  which  mammograms  were 
digitized  were  completed. 

•  A  paper  on  the  influence  of  birth  characteristics  and  mammographic  density  has  been 
published  (Tamimi  et  al,  2010a  -  see  Appendix  2). 

•  Further  exploratory  analyses  are  considered,  because  there  is  evidence  that  density  change 
over  time  is  a  better  correlate  of  breast  cancer  risk  than  a  single  mammogram. 

CP2  key  research  accomplishments 

Summary.  We  found  that  birth  size  is  associated  with  postmenopausal  mammographic  density 
measured  more  than  five  decades  later.  These  results  support  the  hypothesis  that  adult  breast 
density,  a  powerful  correlate  of  breast  cancer  risk,  has  intrauterine  roots,  as  reflected  in  birth 
size. 

Specifically: 

We  have  studied  the  association  of  birth  size  measurements  with  mammographic  density,  a 
marker  of  mammary  gland  mass.  For  a  population-based  sample  of  893  postmenopausal  women 
without  previous  cancer  in  Sweden,  we  retrieved  information  on  birth  size  from  birth  records  and 
their  most  recent  mammography.  Film  mammograms  of  the  medio-lateral  oblique  view  were 
digitized  and  the  Cumulus  software  was  used  for  computer-assisted  semi-automated  thresholding 
of  mammographic  density. 

We  used  generalized  linear  models  adjusted  for  covariates  to  determine  the  mean  percentage 
mammographic  density  without  transformation,  according  to  birth  size  categories.  To  detennine 
whether  there  was  a  linear  trend  of  mean  percent  breast  density  with  increasing  birth  size,  we 
calculated  p  values  for  inclusion  of  birth  size  as  an  ordered  (per  category)  or  continuous  (per 
standard  deviation — SD)  variable  in  the  model.  We  included  in  the  multivariate  models,  as 
possible  confounders,  the  following  known  predictors  of  mammographic  density:  age  at 
mammogram,  body  mass  index  (BMI),  parity,  and  age  at  menopause.  Odds  ratios  (OR)  and  95% 
confidence  intervals  (Cl)  for  having  high  versus  low  mammographic  density  also  were 
determined  using  multiple  logistic  regression.  To  determine  whether  there  was  a  linear  trend 
with  increasing  birth  size,  we  calculated  p  values  from  Wald  statistics  including  a  continuous 
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term  (per  SD)  in  the  model.  All  p  values  were  derived  from  two-sided  tests  of  statistical 
significance. 


Table  CP2.1:  Mean  percent  mammographic  density  (MD)  according  to  birth  size  characteristics 


N 

Mean  MD  (%)' 

Mean  MD  (%)2 

Mean  MD  (%)3 

Birth  weight  (g) 

<2500 

32 

14.9 

15.6 

15.6 

2501-0000 

145 

13.8 

13.5 

13.6 

3001-0500 

324 

15.6 

15.8 

15.8 

3501-<4000 

291 

18.1 

17.8 

17.7 

>4000 

101 

17.6 

18.3 

18.6 

P-trend4 

0.04 

0.02 

0.02 

Birth  length  (cm) 

<50 

232 

16.2 

16.3 

16.4 

50 

204 

16.3 

16.1 

16.2 

51 

140 

15.6 

15.6 

15.5 

52 

130 

18.3 

18.0 

18.1 

53+ 

156 

16.5 

16.7 

16.5 

P-trend4 

0.71 

0.83 

0.69 

Head  circumference  (cm) 

<34 

170 

15.8 

16.1 

15.5 

34-05 

197 

16.6 

16.7 

16.9 

35-06 

192 

16.3 

16.1 

16.2 

36+ 

170 

20.4 

20.2 

20.4 

P-trend4 

0.04 

0.03 

0.007 

1  Adjusted  for  age  (continuous) 

2  Adjusted  for  age  (continuous)  and  body  mass  index  (continuous) 

3  Adjusted  for  age  (continuous),  body  mass  index  (continuous),  age  at  menopause  (<45,  45-49,  50-54,  54+,  missing 
categorical),  parity  (0,  1,  2,  3+,  categorical) 

4  P  for  trend  based  on  per  standard  deviation  increase 


Table  CP2.1  shows  mean  percent  mammographic  density  according  to  categories  of  birth  size 
characteristics.  The  mean  values  are  adjusted  first  for  age  at  mammogram,  then  for  age  at 
mammogram  and  BMI,  and  then  for  age  at  mammogram,  BMI,  age  at  menopause  and  parity. 
Mean  percent  mammographic  density  was  significantly  positively  associated  with  both  birth 
weight  and  head  circumference.  In  the  full  models,  p  values  for  trend  were  0.02  and  0.007, 
respectively.  Thus,  women  with  birth  weight  exceeding  4000  grams  had  a  mean  percent 
mammographic  density  of  18.6%,  while  those  with  birth  weight  2500  grams  or  less  had  a  mean 
percent  mammographic  density  of  15.6%.  Moreover,  women  with  a  birth  head  circumference  of 
36  cm  or  more  had  a  mean  percent  mammographic  density  of  20.4%,  while  those  with  a 
circumference  less  than  34  cm  had  a  mean  percent  mammographic  density  of  15.5%. 


Both  of  these  associations  were  driven  by  the  positive  association  with  dense  area  on  the 
mammogram  (p  for  trend  0.02  for  birth  weight  and  0.01  for  head  circumference),  as  there  was  no 
association  with  non-dense  area  on  the  mammogram  (p  for  trend  0.15  for  birth  weight  and  0.16 
for  head  circumference)  in  multivariate  models. 
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Table  CP2.2.  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl)  for  high  versus  low  mammographic  density 
in  relation  to  birth  size  characteristics,  using  50%  density  as  cutoff. 


Birth  weight  (g) 

Mammographic  density 

High  (>50%)  Low  (<50%) 

OR  (95%CI)1 

<2500 

2501-0000 

3 

2 

29 

143 

0.57(0.18-1.81) 

3001-0500 

13 

311 

1.0  (REF) 

3501-<4000 

21 

270 

1.68  (0.78-3.62) 

>4000 

8 

93 

2.91  (1.07-7.88) 

P-trend2 

0.048 

Birth  length  (cm) 

<50 

11 

221 

0.77  (0.27-2.21) 

50 

9 

195 

0.85  (0.29-2.52) 

51 

7 

133 

1.0  (REF) 

52 

9 

121 

1.10  (0.37-3.26) 

53+ 

10 

146 

1.04  (0.35-3.11) 

P-trend2 

0.49 

Head  circumference  (cm) 

<34cm 

10 

160 

0.66  (0.23-1.87) 

34-<35cm 

9 

188 

0.90  (0.33-2.44) 

3 5-0 6cm 

10 

182 

1.0  (REF) 

36+ 

15 

155 

1.72  (0.68-4.35) 

P-trend2 

0.04 

1  Adjusted  for  age  (continuous),  body  mass  index  (continuous),  age  at  menopause  (<45,  45-49,  50-54,  54+, 
categorical),  parity  (0,  1,  2,  3+,  categorical) 

2  P  for  trend  based  on  per  standard  deviation  increase 


To  further  explore  the  pattern  of  association  of  birth  size  characteristics  with  mammographic 
density,  we  have  calculated  odds  ratios  for  high  versus  low  mammographic  density  in  relation  to 
birth  size  characteristics  (Table  CP2.2).  For  all  three  birth  size  characteristics,  intermediate 
categories  were  used  as  referents.  In  line  with  the  results  shown  in  Table  CP2. 1,  birth  weight  and 
head  circumference  were  positively  associated  with  mammographic  density.  The  trends  were 
monotonic  and  statistically  significant  only  when  the  cutoff  was  set  at  50%  (and  not  at  25%), 
indicating  that  the  association  between  birth  size  and  mammographic  density  is  not  linear  and  is 
particularly  evident  at  the  extreme.  Again,  in  line  with  the  results  in  Table  CP2. 1,  we  found  no 
association  of  birth  length  with  mammographic  density. 

We  have  also  explored  whether  the  association  between  birth  size  and  mammographic  density 
might  be  mediated  through  measures  of  growth  and  development,  notably  age  at  menarche  and 
adult  height,  by  alternatively  and  simultaneously  including  these  variables  in  the  models.  Height 
and,  to  a  lesser  extent,  age  at  menarche  appear  to  mediate,  in  part,  the  associations  of  both  birth 
weight  and  head  circumference  with  mammographic  density. 

The  results  from  this  large  population-based  sample  of  postmenopausal  Swedish  women, 
indicate  that  birth  weight  and  head  circumference  are  both  significantly  positively  associated 
with  postmenopausal  mammographic  density.  The  3-5%  difference  in  mammographic  density 
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comparing  the  extreme  categories  of  birth  weight  or  head  circumference  is  not  trivial  and  is 
indeed  comparable  to  that  observed  between  women  with  and  without  hormonal  treatment. 
Although  birth  length  was  not  associated  with  mammographic  density,  this  could  reflect  the  fact 
that  birth  length  is  measured  less  reliably  than  birth  weight  and  head  circumference.  Moreover, 
we  found  evidence  that  part  of  the  association  between  birth  size  and  mammographic  density 
could  be  explained  by  the  association  of  birth  size  with  height  and,  to  a  lesser  extent,  with  age  at 
menarche. 

This  is  the  first  study  to  evaluate  birth  size  parameters  retrieved  from  birth  records  in  relation  to 
mammographic  density  assessed  by  a  semi-automated  method.  Earlier  studies  assessed  breast 
density  using  a  more  subjective  categorical  measure  of  breast  density  or  relied  on  self-reported 
birth  weight.  Computer-assisted  thresholding  methods,  as  those  used  in  our  study,  which  are  less 
subjective  than  categorical  classifications,  have  been  demonstrated  to  be  better  predictors  of 
breast  cancer  risk.  In  addition,  birth  data  from  records  are  more  reliable  than  those  relying  on 
self-recall. 

Mammographic  density  is  one  of  the  strongest  known  risk  factors  for  breast  cancer,  with  women 
in  the  highest  category  of  mammographic  density  being  at  a  four-  to  sixfold  increased  risk  of 
breast  cancer  as  compared  with  women  in  the  lowest  category.  Although  the  biologic  mechanism 
underlying  this  risk  remains  unclear,  it  is  possible  that  mammographic  density  is  influenced  in 
part  by  exposures  early  in  life,  including  the  intrauterine  life.  In  the  context  of  the  present 
Innovator  award,  it  has  been  shown  that  birth  weight  is  positively  associated  with  the  size  of  the 
cord  blood  stem  cell  pool,  a  surrogate  for  overall  stem  cell  potential  (Br  J  Cancer.  2008;98:660- 
3).  Thus,  assessed  through  mammographic  density,  mammary  gland  mass  is  likely  to  be 
correlated  with  the  number  of  mammary  stem  cells,  generating  the  association  of  birth  weight 
with  mammographic  density. 

In  conclusion,  our  results  support  the  hypothesis  that  adult  breast  density,  a  powerful  correlate  of 
breast  cancer  risk,  has  intrauterine  roots,  as  reflected  in  birth  size.  The  results  indirectly  provide 
further  support  to  the  general  hypothesis  that  breast  cancer  risk  in  adulthood  is  programmed 
already  in  utero  and  then  modified  by  a  multitude  of  factors  later  in  life. 

CP2  reportable  outcomes 

•  Results  on  the  association  of  birth  size  with  postmenopausal  mammographic  density  were 
presented  in  the  February  2009,  2010  and  2011  LINKS  meetings. 

•  A  manuscript  on  the  association  of  birth  size  with  postmenopausal  mammographic  density 
has  been  published  (Tamimi  et  al,  2010a  -  see  Appendix  2). 

CP2  Conclusion 


As  indicated  in  the  previous  progress  reports,  the  rate  of  retrieving  information  on  birth 
characteristics  and  mammographic  images  was  in  line  with  what  we  anticipated  and  was  finished 
in  the  fall  of  2007  and  2008  respectively.  The  digitizing  rate  was  lower  than  initially  anticipated, 
which  is  why  an  additional  person  was  hired  in  2008  to  speed  up  the  process.  The  rate  of  density 
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measurements  was  also  slower  than  originally  anticipated  due  to  the  large  amount  of 
mammograms.  Nevertheless,  these  obstacles  were  overcome.  The  evaluation  of  mammographies 
through  a  computer-assisted  grey-scale  thresholding  methods  technique  was  successfully 
completed,  data  analyses  were  undertaken  and  a  manuscript  was  published.  The  work  under  this 
component  project  was  successfully  completed.  Further  exploratory  analyses  are  considered. 

CP2  References 


Tamimi  RM,  Eriksson  L,  Lagiou  P,  Czene  K,  Ekbom  A,  Hsieh  CC,  Adami  HO,  Trichopoulos  D, 
Hall  P.  Birth  weight  and  mammographic  density  among  postmenopausal  women  in  Sweden.  Int  J 
Cancer.  2010a;126:985-91. 


CP3:  “ Interaction  of  perinatal  characteristics  with  genes  that  are  likely  related  to  breast 

cancer  risk ” 


CP3  PI:  Prof.  Per  Hall,  Dept,  of  Medical  Epidemiology  and  Biostatistics,  Karolinska  Institutet, 
P.O.  Box  281,  SE-171  77  Stockholm,  Sweden 

Timetable  of  research  accomplishments  of  CP3  as  outlined  in  the  Statement  of  Work. 

Task  3  To  investigate  the  possible  interaction  of  perinatal  characteristics  with  genes  that  are 
likely  related  to  breast  cancer  risk: 

a.  Identification  and  selection  of  genes  likely  to  be  related  to  breast  cancer  risk,  e.g.  ESR1, 
AIB1,  and  the  IGF  family  (Months  1-12) 

b.  Selection  of  "tagging"  single  nucleotiod  polymorphisms  (tSNPs).  The  choice  of  tSNBs 
aims  at  avoiding  redundant  genotyping.  A  good  marker  coverage  is  expected  to  be 
achieved  by  using  approximately  one  SNP  per  3  Kb.  (Months  1-12). 

c.  Genotyping  of  the  approximately  8  genes  selected  for  the  study  (Months  13-36). 

d.  Data  analyses.  (Months  36-48) 

e.  Manuscript  preparation  and  submission.  (Months  49-60) 

CP3  progress  report 

Identification  and  selection  of  genes  likely  to  be  related  to  breast  cancer  risk,  (Task  3a),  selection 
of  "tagging"  single  nucleotiod  polymorphisms  (tSNPs)  (Task  3b)  and  genotyping  in  the  selected 
genes  (Task  3c)  were  completed.  Data  analyses  (Task  3d)  and  manuscript  preparation  (Task  3e) 
were  also  completed  and  a  manuscript  has  been  published  (Tamimi  et  al,  2010b  -  see  Appendix 
2). 


In  addition  to  the  published  results,  we  also  contributed  to  a  study  evaluating  genetic  variation  in 
the  estrogen  metabolic  pathway  in  relation  to  mammographic  density  (Breast  Cancer  Research 


13 


20 10;  12:R1 9—  with  acknowledgment  to  support  by  W81XWH-05-1-03 14  Innovator  Award)  with 
a  view  to  eventually  study  possible  interactions  with  perinatal  characteristics  (see  Appendix  4). 

In  summary: 

•  Associations  of  loci  with  breast  cancer  risk  were  evaluated  in  our  data  and  were  found 
compatible  with  what  was  reported  from  previous  GWAS  studies. 

•  Interaction  of  birth  weight  with  higher  breast  cancer  risk  SNPs  in  relation  to  breast  cancer 
occurrence  was  evaluated. 

•  A  paper  was  published  (Tamimi  et  al,  2010b  -  see  Appendix  2). 

CP3  key  research  accomplishments 

Summary :  We  found  suggestive  evidence  for  interaction  of  birth  weight  with  genetic 
predisposition  in  relation  to  breast  cancer  risk,  notably  with  respect  to  SNP  rs2981582.  Hence, 
the  size  of  the  pool  of  mammary  stem  cells,  as  reflected  in  birth  weight,  appears  to  interact  with 
genetic  susceptibility  in  modulating  breast  cancer  risk. 

Specifically: 

There  is  considerable  evidence  that  birth  weight  is  positively  associated  with  breast  cancer  risk, 
and  seven  single-nucleotide  polymorphisms  (SNPs)  have  been  conclusively  associated  with  this 
risk.  We  have  hypothesized  that  breast  cancer  susceptibility  loci  may  have  a  greater  influence  on 
breast  cancer  risk  among  women  with  higher  birth  weight,  who  are  expected  to  have  a  larger 
pool  of  mammary  stem  cells  that  are  susceptible  to  malignant  transformation. 

In  light  of  what  has  been  published  in  the  international  literature  with  respect  to  important 
polymorphisms  associated  with  breast  cancer  risk  (Nature.  2007;447:1087-93;  Breast  Cancer 
Res.  2007;9(6):R78;  Nat  Genet.  2007;39:865-9;  Nat  Genet.  2007;39:870-4;  Breast  Cancer  Res. 
2008;10(4):R66),  we  looked  at  these  polymorphisms  in  relation  to  breast  cancer  risk  in  our  data. 
We  studied  the  following  single  nucleotide  polymorphisms  (SNPs):  rs2981582  (in  the  FGFR2 
gene  that  encodes  the  fibroblast  growth  factor  receptor  2),  rs  12443621  (in  the  trinucleotide 
repeat  containing  9,  TNRc9  gene),  rs8051542  (in  the  TNRc9  gene),  rs889312  (in  the  MAP3K1 
gene  that  encodes  mitogen-activated  protein  kinase  kinase  kinase  1),  rs38 17198  (in  the  LSP1 
gene  that  codes  for  lymphocyte-specific  protein  1),  rs  1328 1615  (on  8q24),  rs3803662  (in  the 
TNRc9  gene). 

In  the  context  of  a  nationwide,  population-based  case-control  study  in  Sweden,  genotype 
analysis  was  performed  for  1,3 14  women  with  breast  cancer  and  1,5 15  control  women.  We 
isolated  DNA  from  3  ml  of  whole  blood  with  the  Wizard  Genomic  DNA  Purification  Kit 
(Promega,  Madison,  WI)  in  accordance  with  the  manufacturer’s  instructions.  Genotyping  of  the 
selected  SNPs  was  conducted  by  Sequenom  iPLEX  and  Taqman. 

We  attempted  to  identify  birth  records  for  breast  cancer  cases  and  controls,  using  the  Swedish 
national  registration  numbers.  Using  information  from  the  birth  registry,  research  assistants 
visited  120  hospital  and  medical  record  archives  to  locate  the  original  birth  records  for  the  study 
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participants.  Because  this  study  included  births  occurring  between  1918  and  1945  throughout  all 
of  Sweden,  a  large  number  of  births  at  this  time  had  occurred  at  home,  and  birth  characteristic 
information  had  never  been  measured  or  recorded.  We  were  able  to  locate  birth  records  or 
midwife  journals  with  adequate  information  on  birth  characteristics  for  about  50%  of  the 
participants.  Using  a  detailed  form,  perinatal  characteristic  information  from  available  birth 
records  was  abstracted.  Birth  weight  in  grams  and  twin  status  were  consistently  listed  in  birth 
records.  Less  consistently,  information  was  provided  on  birth  length,  head  circumference  and 
placental  weight.  In  total,  there  were  710  breast  cancer  cases  and  770  controls  with  both 
genotype  information  and  birth  weight  data.  We  excluded  cases  and  controls  who  were  twin 
members  and/or  had  missing  infonnation  on  one  or  more  covariates.  Eventually,  we  studied  693 
women  with  breast  cancer  and  747  control  women,  for  whom  both  birth  characteristic  data  and 
information  on  at  least  one  of  the  evaluated  SNPs  were  available. 

Initially,  we  examined  the  association  between  breast  cancer  risk  and  each  of  the  following 
selected  SNPs:  rs2981582  (FGFR2),  rs3803662  (TNRC9/LOC643714),  rs889312(MAP3Kl), 
rs  1328 1615  (8q24),  rs3817198  (LSP1),  rsl2443621  (TNRC9/FOC643714),  and  rs8051542 
(TNRC9/LOC643714).  For  each  SNP,  odds  ratios  (OR)  and  95%  confidence  intervals  (Cl)  for 
breast  cancer  risk  were  determined  using  logistic  regression.  To  detennine  whether  there  was  a 
linear  trend  with  increasing  number  of  variant  alleles  in  each  SNP,  we  calculated  p  values  from 
Wald  statistics  including  a  continuous  term  in  the  model.  Tests  for  interaction  were  based  on  a 
Wald  test  after  inclusion  of  an  interaction  tenn.  All  p  values  presented  are  from  two-sided  tests 
of  statistical  significance  (Table  CP3.1). 

Three  of  the  breast  cancer  susceptibility  loci  identified  from  the  BCAC  genome-wide  association 
study  (Nature.  2007;447:1087-93)  were  significantly  associated  with  breast  cancer  risk  in  this 
population  with  the  strongest  association  for  rs2981582,  in  line  with  previous  reports.  Women 
homozygous  for  this  allele  had  an  almost  twofold  (OR  =  1.99,  95%  Cl  1.  45-2.72)  increased  risk 
of  breast  cancer  relative  to  women  homozygous  for  the  wild-type  allele,  whereas  women 
heterozygous  for  this  SNP  were  at  higher  risk  of  breast  cancer  compared  to  homozygotes  for  the 
wild-type  allele  (OR  =  1.25,  95%  Cl  0.99-1.57).  Of  the  remaining  polymorphisms,  trend  tests 
with  increasing  number  of  high-risk  alleles  were  statistically  significant  in  two  instances 
(rsl2443621  and  rs3803662). 

Because  rs2981582  in  intron  2  of  FGFR2  has  been  repeatedly  identified  as  the  top  hit  in  GWAS 
of  breast  cancer  (Nature.  2007;447: 1087-93;  Nat  Genet.  2007;39:870-4)  and  has  demonstrated 
the  largest  excess  risk  in  our  study,  we  first  examined  the  interaction  between  rs2981582  and 
birth  weight  in  relation  to  breast  cancer  risk  (Table  CP3.1).  To  increase  power  without  invoking 
linear  trends,  we  grouped  heterozygotes  with  homozygotes  for  the  wild-type  allele,  because  the 
difference  in  risk  between  homozygotes  for  the  variant  allele  and  heterozygotes  is  substantially 
larger  than  that  between  heterozygotes  and  homozygotes  for  the  wild-type  allele.  We  found  a 
marginally  significant  interaction  between  birth  weight  and  rs2981582  (p  for  interaction  0.07). 

As  shown  in  Table  CP3.1,  the  interaction  is  generated  by  a  strong,  though  marginally  significant, 
positive  association  between  birth  weight  and  breast  cancer  risk  among  homozygotes  for  the 
variant  allele  (p  for  trend  0.07)  and  a  weak  non-significant  inverse  association  between  birth 
weight  and  breast  cancer  risk  among  heterozygotes  and  homozygotes  for  the  wild-type  allele  (p 
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for  trend  0.68).  Among  women  with  the  highest  category  of  birth  weight  (>4,000  g),  being 
homozygous  for  the  rs2981582  variant  was  associated  with  an  over  fivefold  increased  risk  of 
breast  cancer  (OR  =  5.52,  95%  Cl  1.96-15.56)  relative  to  women  with  wild-type  alleles  and 
similar  birth  weight. 


We  also  examined  a  potential  interaction  between  birth  weight  and  the  other  6  SNPs  (Table 
CP3.1),  following  the  same  approach  used  for  rs2981582.  None  of  the  other  SNPs  demonstrated 
a  significant  interaction  with  birth  weight,  but  we  generally  observed  a  positive  association 
between  birth  weight  and  breast  cancer  risk  among  women  homozygous  for  the  high-risk  allele. 


Table  CP3.1:  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl)  for  breast  cancer  according  to  birth  weight 
and  susceptibility  SNP  genotype _ 


rs2981582 

WT/WT  and  WT/VAR 

VAR/VAR 

Birth  weight  (g) 

OR(95%CI) 

OR(95%CI) 

Cases/controls 

Cases/controls 

<2500 

1.21  (0.64-2.29) 

0.86  (0.30-2.53) 

21/20 

6/8 

2501-<3000 

0.89  (0.63-1.26) 

2.15  (1.12-4.13) 

80/103 

28/15 

3001-<3500 

1.0  (REF) 

1.27  (0.80-2.02) 

211/243 

44/40 

3501-<4000 

1.02  (0.77  -1.34) 

1.90  (1.10-3.30) 

174/197 

38/23 

>4000 

0.84  (0.57-1.23) 

4.61  (1.70-12.49) 

58/80 

20/5 

P-value  for  trend 

0.68  (negative  trend) 

0.07  (positive  trend) 

P-value  for  interaction 

0.07 

rsl2443621 

Birth  weight  (g) 

<2500 

1.36  (0.73-2.51) 

0.87  (0.24-3.11) 

23/22 

4/6 

2501-<3000 

1.24  (0.88-1.76) 

0.92  (0.48-1.76) 

90/94 

17/24 

3001-<3500 

1.0  (REF) 

2.03  (1.34-3.08) 

185/240 

72/46 

3501-<4000 

1.28  (0.96-1.70) 

1.21  (0.76-1.92) 

171/174 

42/45 

>4000 

1.03  (0.70-1.51) 

2.31  (1.00-5.34) 

61/77 

16/9 

P-value  for  trend 

0.78  (negative  trend) 

0.30  (positive  trend) 

P-value  for  interaction 

0.29 

(continued) 

Table  CP3.1  (continued):  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl)  for  breast  cancer 

according  to  birth  weight  and  susceptibility  SNP  genotype 

rs8051542 

Birth  weight  (g) 

<2500 

1.63  (0.86-3.09) 

0.41  (0.11-1.53) 

24/18 

3/9 

2501-<3000 

1.14(0.81-1.60) 

1.09  (0.55-2.16) 
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3001-<3500 

3501-<4000 

>4000 

P-value  for  trend 

P-value  for  interaction 

92/99  17/19 

1.0  (REF)  1.66(1.10-2.51) 

190/232  68/50 

1.26  (0.95-1.66)  0.80  (0.48-1.33) 

184/179  28/43 

1.07  (0.72-1.58)  1.40  (0.66-2.93) 

63/72  16/14 

0.92  (negative  trend)  0.81  (positive  trend) 

0.80 

rs889312 

Birth  weight  (g) 

<2500 

1.15  (0.65-2.03) 

- 

26/26 

0/3 

2501-<3000 

1.09  (0.79-1.50) 

0.69  (0.25-1.93) 

102/108 

6/10 

3001-<3500 

1.0  (REF) 

1.36  (0.75-2.46) 

229/263 

26/22 

3501-<4000 

1.08  (0.83-1.41) 

1.68  (0.81-3.47) 

194/206 

19/13 

>4000 

1.03  (0.72-1.49) 

1.15  (0.37-3.61) 

72/80 

6/6 

P-value  for  trend 

0.91  (negative  trend) 

0.13  (positive  trend) 

P-value  for  interaction 

0.14 

rs3817198 

Birth  weight  (g) 

<2500 

1.05  (0.58-1.89) 

1.14  (0.28-4.59) 

23/25 

4/4 

2501-<3000 

1.04  (0.76-1.44) 

1.01  (0.38-2.66) 

100/109 

8/9 

3001-<3500 

1.0  (REF) 

1.08  (0.55-2.10) 

235/267 

18/19 

3501-<4000 

1.15  (0.88-1.50) 

0.89  (0.47-1.69) 

197/195 

18/23 

>4000 

0.89  (0.62-1.29) 

4.55  (1.27-16.30) 

65/83 

12/3 

P-value  for  trend 

0.92  (negative  trend) 

0.26  (positive  trend) 

P-value  for  interaction 

0.27 

(continued) 


Table  CP3.1  (concluded):  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl)  for  breast  cancer 
according  to  birth  weight  and  susceptibility  SNP  genotype 


rsl3281615 
Birth  weight  (g) 


<2500 

1.50  (0.72-3.13) 

0.55  (0.22-1.37) 

18/14 

7/15 

2501-<3000 

1.26  (0.86-1.86) 

0.72  (0.42-1.24) 

79/73 

26/42 

3001-<3500 

1.0  (REF) 

1.16(0.81-1.65) 
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3501-<4000 

>4000 

P-value  for  trend 

P-value  for  interaction 

143/167 

1.29  (0.93-1.78) 
143/130 

1.19  (0.77-1.84) 

55/54 

0.97  (positive  trend) 

0.56 

103/104 

0.89  (0.60-1.32) 

63/83 

0.97  (0.54-1.74) 

24/29 

0.46  (positive  trend) 

rs3803662 

Birth  weight  (g) 

<2500 

1.15  (0.64-2.06) 

25/25 

0.29  (0.03-2.60) 

1/4 

2501-<3000 

1.05  (0.76-1.45) 
100/110 

1.30  (0.49-3.42) 

9/8 

3001-<3500 

1.0  (REF) 

230/265 

1.65  (0.92-2.95) 

30/21 

3501-<4000 

1.13  (0.87-1.47) 
202/206 

0.89  (0.38-2.06) 

10/13 

>4000 

1.07  (0.75-1.53) 

76/82 

1.15  (0.29-4.66) 

4/4 

P-value  for  trend 

P-value  for  interaction 

0.76  (positive  trend) 

0.94 

0.87  (positive  trend) 

WT :  wild  type 
VAR:  high  risk  variant 


It  has  been  suggested  that  the  documented  association  of  breast  cancer  risk  with  birth  weight 
could  reflect  the  underlying  association  of  this  risk  with  the  size  of  the  mammary  stem  cell  pool 
(Br  J  Cancer  2008;98:660-663)  and  eventually  mammary  gland  mass  (Mutat  Res  1995;333:29— 
35;  Breast  Cancer  Res  2005;7:13-17).  In  women  who  carry  high  risk  alleles,  the  association  of 
birth  weight  (as  a  correlate  of  mammary  stem  cell  pool)  with  breast  cancer  risk  would  be 
expected  to  be  stronger.  Our  findings  are  compatible  with  this  hypothesis,  although  the  study 
was  not  sufficiently  powered  to  document  interactions  of  modest  strength.  Of  note,  our  study  did 
not  document  the  main  effect  of  four  of  the  seven  SNPs  identified  in  the  context  of  GWAS 
(Nature.  2007;447:1087-93).  When  our  study  was  initiated,  the  effect  size  of  SNPs  that  could  be 
related  to  breast  cancer  was  not  known,  precluding  reliable  power  calculations.  The  evidence 
that  the  association  between  birth  weight  and  breast  cancer  could  be  modified  by  genetic 
susceptibility  was  stronger  for  the  SNP  in  FGFR2  than  for  any  of  the  other  susceptibility  loci. 
SNPs  in  intron  2  of  FGFR2  have  emerged  as  top  hits  from  multiple  GWAS  of  breast  cancer 
(Nature.  2007;447:1087-93;  Nat  Genet.  2007;39:870-4)  and  have  been  significantly  associated 
with  breast  cancer  risk  in  a  number  of  populations  including  European,  Asian,  Ashkenazi  Jewish, 
and  African  American  women.  FGFR2,  a  tyrosine  kinase  receptor  belonging  to  a  family  of  genes 
involved  in  growth  and  proliferation,  is  overexpressed  in  breast  tumors  and  may  function  as  an 
oncogene.  An  interpretation  of  our  results  is  that  susceptibility  loci  in  an  oncogene  such  as 
FGFR2  put  individual  cells  at  higher  risk  of  malignant  transformation.  To  the  extent  that  birth 
weight  is  a  proxy  for  glandular  mass,  having  an  increased  number  of  mammary  stem  cells  with 
high-risk  alleles  would  be  associated  with  a  disproportionally  increased  risk  of  breast  cancer. 
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A  possible  interaction  between  genetic  susceptibility  loci  and  birth  weight  in  relation  to  breast 
cancer  risk  has  not  been  previously  investigated.  In  fact,  there  are  few  reliable  studies  of  gene- 
environment  interactions  and  breast  cancer  risk.  Our  results  are  compatible  with  the  hypothesis 
that  the  pool  of  mammary  stem  cells  is  critical  in  the  intrauterine  roots  of  breast  cancer  risk  in 
adult  life.  This  is  because  the  size  of  the  pool  of  mammary  stem  cells,  as  reflected  in  birth 
weight,  appears  to  interact  with  genetic  susceptibility  in  modulating  breast  cancer  risk. 


CP3  reportable  outcomes 

•  Results  on  the  interaction  of  birth  weight  with  higher  breast  cancer  risk  SNPs  in  relation  to 
breast  cancer  occurrence  were  presented  in  the  February  2010  and  2011  LINKS  meetings. 

•  A  manuscript  on  the  interaction  of  birth  weight  with  higher  breast  cancer  risk  SNPs  in 
relation  to  breast  cancer  has  been  published  (Tamimi  et  al,  2010b  -  see  Appendix  2). 

CP3  Conclusion 


The  work  under  this  component  project  was  successfully  completed.  A  manuscript  has  been 
published  and  further  exploratory  analyses  are  considered. 

CP3  References 


Tamimi  RM,  Lagiou  P,  Czene  K,  Liu  J,  Ekbom  A,  Hsieh  CC,  Adami  HO,  Trichopoulos  D,  Hall 
P.  Birth  weight,  breast  cancer  susceptibility  loci,  and  breast  cancer  risk.  Cancer  Causes  Control. 
2010b;21:689-96. 


CP4:  “ Pregnancy  hormones  and  perinatal  breast  cancer  risk  factors  in  Boston,  USA  and 

Shanghai,  China ” 


CP4  co-PIs:  Prof.  Dimitrios  Trichopoulos  and  Dr.  Pagona  Lagiou ,  Department  of 

Epidemiology,  Harvard  School  of  Public  Health,  677  Huntington  Avenue,  Boston,  MA  02115, 

Timetable  of  research  accomplishments  of  CP4  as  outlined  in  the  Statement  of  Work. 

Task  4  To  study  maternal  and  cord  blood  levels  of  components  of  the  IGF  system  and 
adiponectin  among  Caucasian  women  in  North  America  and  Chinese  women  in 
Asia  in  conjunction  to  maternal  anthropometry  and  birth  size  parameters: 

a.  Retrieval  of  the  available  stored  cord  blood  and  maternal  serum  samples  from  304 
pregnant  Caucasian  women  in  Boston,  US  and  335  pregnant  Chinese  women  in 
Shanghai,  China  and  transfer  of  these  samples  to  the  laboratory  for  hormone 
determination.  (Months  1-6) 
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b.  Conduct  of  laboratory  assays  for  honnones  (Months  7-24) 

c.  Linkage  of  maternal  and  newborn  data  to  maternal  and  cord  blood  honnone  levels 
(Months  24-30) 

d.  Data  analyses  (each  of  the  measured  honnones  in  maternal  and  cord  blood  to  be  studied 
in  conjunction  to  maternal  and  newborn  variables)  (Months  31-48) 

e.  Manuscript  preparation  and  submission.  (Months  37-60) 

CP4  progress  report 

The  database  regarding  baseline  data  was  already  in  place  by  the  first  annual  report. 

During  the  second  reporting  period,  hormone  detenninations  by  the  UMass  Medical  School, 
ILAT  Steroid  RIA  Laboratory  were  completed  for  661  serum  samples  and  1 14  cord  blood 
samples  provided  by  pregnant  women  recruited  in  Boston,  as  well  as  for  762  serum  samples  and 
131  cord  blood  samples  provided  by  pregnant  women  recruited  in  Shanghai,  China. 

Testosterone,  IGF-1,  IGFBP-3,  and  adiponectin  were  measured  on  the  maternal  samples,  while 
for  cord  blood  samples,  in  addition  to  these  hormones,  estradiol,  estriol,  progesterone,  SHBG 
and  IGF-2  were  measured  (measurements  of  these  honnones  in  the  maternal  sera  had  already 
been  conducted  in  the  context  of  an  earlier  NIH  study). 

During  the  third  reporting  period,  data  on  honnone  determinations  in  the  serum  and  cord  blood 
samples  were  merged  with  the  baseline  information  on  pregnant  women  and  their  newborn.  The 
updated  database  contains  information  on:  (i)  baseline  data  and  serum  hormone  measurements 
from  302  eligible  women  in  Boston  and  339  eligible  women  in  Shanghai  and  (ii)  baseline  data 
and  cord  blood  hormone  measurements  from  111  eligible  newborn  in  Boston  and  122  eligible 
newborn  in  Shanghai.  Exploratory  analyses  were  conducted  and  two  papers  were  published 
(Cancer  Epidemiol  Biomarkers  Prev.  2007;16:1720-3;  Cancer  Epidemiol  Biomarkers  Prev. 
2008;17:224-31).  In  these  previous  analyses,  about  half  the  samples  from  Boston  and  less  than  a 
quarter  of  the  samples  from  Shanghai  were  analyzed  with  respect  to  IGF-1  and  IGFBP-3. 

In  the  fourth  reporting  period,  measurements  of  cord  blood  levels  of  IGF-1,  IGF-2  and  IGFBP-3 
in  all  available  samples  from  Boston,  US  and  Shanghai,  China  were  undertaken  for  the  first  time, 
using  state-of-the-art  analytical  assays. 

During  the  fifth  reporting  period  a  manuscript  was  published  (Lagiou  et  al,  2009  -  see  Appendix 

2). 

During  the  one  year  extension  granted  to  the  Innovator  project,  two  additional  manuscripts  were 
published.  One  referred  to  the  core  aims  of  the  Innovator  (Lagiou  et  al,  2010  -  see  Appendix  2) 
and  the  second  to  a  peripheral  issue  (with  explicit  reference  to  support  by  the  Innovator  project) 
(see  Appendix  4).  Further  analyses  are  planned  to  evaluate  the  potential  effect  of  maternal  diet 
during  pregnancy  on  the  levels  of  IGF  components  in  maternal  sera  and  cord  blood. 


CP4  key  research  accomplishments 
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Summary: 

•  Cord  blood  levels  of  IGF- 1  are  substantially  higher  among  Caucasian  babies  bom  in  Boston 
compared  to  Chinese  in  Shanghai.  The  documentation  of  higher  cord  blood  levels  of  IGF- 1  - 
a  principal  growth  hormone  which  does  not  cross  the  placenta  -  among  Caucasian  compared 
to  Asian  newborns  is  concordant  with  breast  cancer  incidence  in  these  populations. 

•  Cord  blood  levels  of  IGF-2  are  substantially  higher  among  Chinese  babies  born  in  Shanghai 
compared  to  Caucasian  babies  born  in  Boston. 

•  Cord  blood  IGF-1  is  significantly  positively  associated  with  birth  weight  and  birth  length  in 
Boston,  but  not  Shanghai. 

•  Positive,  though  statistically  non-significant,  associations  of  cord  blood  IGF-2  with  birth  size 
are  only  evident  in  Shanghai. 

•  For  cord  blood  IGF-1  in  Boston  and  for  cord  blood  IGF-2  in  Shanghai,  the  associations  with 
birth  weight  and  birth  length  are  positive  and  significant  among  taller  women  (among  whom 
maternal  anthropometry  is  likely  to  impose  fewer  constrains)  but  essentially  null  among 
shorter  women. 

•  Although  maternal  honnone  levels  at  the  second  and  third  trimester  of  pregnancy  are  highly 
intercorrelated,  they  are  essentially  unrelated  to  core  blood  levels  of  the  same  compounds. 

•  Both  estradiol  and  testosterone  are  significantly  higher  in  the  cord  blood  among  Chinese  un 
Shanghai  compared  to  Caucasians  in  Boston,  but  it  is  cord  blood  levels  of  SHBG  which  are 
strikingly  higher  among  the  former  compared  to  the  latter.  These  results  point  to  SHBG  as  an 
important  modulator  of  early  life  influences  on  adult  life  breast  cancer  risk. 

Specifically: 

In  the  context  of  CP4  a  manuscript  focusing  on  the  role  of  cord  blood  IGF  compounds  was 
published  in  2009  (Lagiou  et  al,  2009  -  see  Appendix  2). 

Breast  cancer  incidence  and  birth  weight  are  higher  among  Caucasian  than  Asian  women  (Int  J 
Cancer  2001;94:153-6),  and  birth  size  has  been  positively  associated  with  breast  cancer  risk 
(PLoS  Med  2008;  5:  el 93).  Maternal  pregnancy  hormone  levels,  however,  notably  estrogens  and 
androgens,  have  been  generally  lower  in  Caucasian  than  Asian  women  (Brit  J  Cancer  1999;79:7- 
12).  We  hypothesized  that  cord  blood  levels  of  insulin-like  growth  factor- 1  IGF-1,  which  does 
not  cross  the  placenta  (Placenta  1999;20:325-330),  are  higher  among  Caucasian  than  among 
Asian  neonates,  and  that  cord  blood  IGF-1  levels  are  positively  associated  with  birth  size.  We 
evaluated  this  hypothesis,  and  also  examined  the  role  of  IGF-2,  a  main  component  of  the  IGF 
system  in  fetal  life,  by  studying  cord  blood  samples  from  babies  bom  to  women  in  Boston,  USA 
and  Shanghai,  China. 

We  were  able  to  collect  cord  blood  samples  of  acceptable  quality  and  sufficient  quantities  for  the 
determinations  of  cord  blood  honnones  for  202  uncomplicated  full-term  pregnancies  (37-42 
weeks  long  without  pregnancy  toxemia),  92  in  Boston  and  1 10  in  Shanghai.  Hormone 
determinations  were  conducted  at  the  ILAT  Steroid  RIA  Laboratory  of  the  University  of 
Massachusetts  Medical  School.  IGF-1,  IGF-2,  and  IGFBP-3  were  measured  by  coated-tube 
immunoradiometric  assay  kits  (Diagnostic  System  Laboratories,  Inc.,  Webster,  TX,  USA).  The 
laboratory-estimated  inter-assay  and  intra-assay  coefficients  of  variation  were,  respectively, 
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9.0%  and  3.3%  for  IGF-1,  5.9%  and  3.4%  for  IGF-2,  and  8.0%  and  4.8%  for  IGFBP-3.  There 
was  no  detectable  cross  reactivity  of  the  IGF-1  assay  with  IGF-2  according  to  the  manufacturer’s 
specificity  assessment. 

Multiple  regression  models  were  used  to  compare  hormone  levels  between  Boston  and  Shanghai 
controlling  for  maternal  age,  height,  duration  of  gestation  and  weight  gain  (all  continuously),  as 
well  as  for  parity  and  gender  of  offspring.  The  association  of  IGF-1  and  IGF-2  with  birth  weight 
and  birth  length  were  examined  by  modeling  the  data  through  multiple  regression  models  with, 
alternatively,  birth  weight  and  length  as  the  outcomes,  controlling  also  mutually  for  IGF-1  and 
IGF-2,  as  well  as  for  IGFBP-3.  Analyses  were  conducted  separately  for  each  centre,  for  all 
women,  as  well  as  for  tall  and  short  women,  with  the  cut-off  for  height  set  a  priori  at  163  cm 
(median  height  in  Boston,  third  quartile  in  Shanghai).  The  hypothesis  is  that,  among  shorter 
women,  maternal  anthropometry  imposes  constraints  on  birth  size  and  could  trigger  negative 
feedback  mechanisms  that  could  obscure  positive  associations  of  hormones  with  birth  size. 

In  Table  CP4.1,  cord  blood  levels  of  IGF-1,  IGF-2,  and  IGFBP-3  are  compared  between  centers, 
adjusting  for  maternal  age,  height,  weight  gain,  parity,  duration  of  gestation,  and  gender  of 
offspring.  Levels  of  IGF-1  were  significantly  and  substantially  higher  in  Boston,  whereas  IGF-2 
levels  were  significantly  lower.  The  differences  in  IGF-1  and  IGF-2  were  amplified  after 
adjustment  both  mutually  as  well  as  for  IGFBP-3. 

Table  CP4.2  shows  multiple  regression-derived  partial  regression  coefficients  of  birth  weight 
(upper  panel)  and  birth  length  (lower  panel)  on  one  standard  deviation  increments  of  cord  blood 
levels  of  IGF-1  and  IGF-2  in  Boston  and  Shanghai,  both  overall  and  in  strata  defined  by  maternal 
height.  In  Boston,  with  respect  to  both  birth  weight  and  birth  length,  there  were  significant 
positive  associations  with  IGF-1;  stratified  analyses  indicated  that  these  differences  were 
generated  exclusively  by  the  offspring  of  taller  women.  In  contrast,  in  Shanghai,  no  significant 
associations  of  IGF-1  with  either  birth  weight  or  birth  length  were  evident. 

The  results  for  IGF-2  were  strikingly  different.  In  Boston,  no  association  was  evident  with 
respect  to  either  birth  weight  or  birth  length,  neither  among  women  overall  nor  among  taller  or 
shorter  women.  In  Shanghai,  however,  cord  blood  IGF-2  was  suggestively  positively  associated 
with  birth  length  (P-0.09),  whereas,  among  taller  women,  it  was  significantly  positively 
associated  with  both  birth  weight  and  length. 
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Table  CP4. 1  Percent  differences*  of  cord  blood  levels  of  IGF-1,  IGF-2  and  1GFBP-3  between  newborns  in  Boston,  USA  (reference)  and  Shanghai,  China 

Unadjusted  for  the  other  IGF  components  Adjusted  for  the  other  IGF  components 

Shanghai  vs.  Boston  p  Shanghai  vs.  Boston  p 


(%) _ (%) 


IGF-1  (ng/ml) 

-39.6  (-54.3,-20.2) 

0.0005 

-50.9  (-61.0,-38.1) 

clO'6 

IGF-2  (ng/ml) 

20.7  (7.7,35.2) 

0.001 

23.2  (10.9,37.0) 

0.0001 

IGFBP-3  (%) 

23.0  (-8.1,64.7) 

0.162 

22.5  (-5.1,57.9) 

0.118 

*  Adjusted  for  maternal  age,  height  and  weight  gain,  parity,  duration  of  gestation  and  gender  of  offspring.  Hormone  levels  were  log-transformed,  so  that  the 
coefficients  express  %  differences  between  centers. 


Table  CP4.2  Multiple  regression-derived  partial  regression  coefficients*  (and  95%  confidence  intervals,  CIs)  of  birth  weight  (upper  panel)  and  birth  length 
(lower  panel)  on  one  standard  deviation  increments  of  cord  blood  levels  of  IGF-1,  IGF-2  and  IGFBP-3  in  Boston,  USA  and  Shanghai,  China,  overall  and  by 
maternal  height. _ _ _ 


All  Women 

Women  <1.63m  height 

Women  >1.63m  height 

Boston  (n=92) 

Shanghai  (n=l  10) 

Boston  (n=46) 

Shanghai  (n=81) 

Boston  (n=46) 

Shanghai  (n=29) 

b 

(Cl) 

P 

b 

(Cl) 

P 

b 

(Cl) 

P 

b 

(Cl) 

P 

b 

(Cl) 

P 

b 

(Cl) 

P 

BIRTH  WEIGHT 

IGF-1 

(per  44.4  ng/ml) 

141.7 

(11.3,272.1) 

0.03 

-3.7 

(-133.5,126.0) 

0.96 

-39.6 

(-252.3,173.1) 

0.71 

-1.2 

(-139.9,137.4) 

0.99 

260.4 

(92.6,428.1) 

0.003 

-33.6 

(-420.6,353.3) 

0.86 

IGF-2 

(per  132.1  ng/ml) 

7.0 

(-131.4,145.3) 

0.92 

57.3 

(-51.3,166.0) 

0.30 

45.5 

(-137.2,228.1) 

0.62 

-2.3 

(-124.1,119.5) 

0.97 

1.0 

(-196.7,198.7) 

0.99 

292.8 

(0.59,584.9) 

0.05 

BIRTH  LENGTH 

IGF-1 

(per  44.4  ng/ml) 

0.85 

(0.19,1.51) 

0.01 

0.00 

(-0.91,0.91) 

0.99 

0.29 

(-0.70,1.28) 

0.56 

-0.21 

(-1.39,0.98) 

0.73 

1.14 

(0.09,2.19) 

0.03 

0.81 

(-0.19,1.81) 

0.11 

IGF-2 

(per  132.1  ng/ml) 

0.10 

(-0.60,0.80) 

0.77 

0.65 

(-0.11,1.41) 

0.09 

0.44 

(-0.41,1.29) 

0.30 

0.73 

(-0.31,1.77) 

0.17 

-0.17 

(-1.41,1.06) 

0.78 

0.78 

(0.02,1.53) 

0.04 

*  Adjusted  for  maternal  age,  height  and  weight  gain,  parity,  duration  of  gestation  and  gender  of  offspring  in  models  for  all  women;  adjusted  for  maternal  age  and 
weight  gain,  and  duration  of  gestation  in  models  by  maternal  height.  In  all  models,  IGF-1  and  IGF-2  were  adjusted  both  mutually  and  for  IGFBP-3. 
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Cord  blood  IGF-1  has  been  shown  to  be  positively  associated  with  the  size  of  the  stem  cell  pool 
(Breast  Cancer  Res.  2007;9(3):R29),  which  has  also  been  linked  to  birth  size  (Br  J  Cancer. 
2008;98:660-3),  a  predictor  of  breast  cancer  risk  in  adult  life  (PLoS  Med  2008;  5:  el93).  To  our 
knowledge,  there  are  no  reports  concerning  a  possible  association  of  the  stem  cell  pool  with  IGF- 
2,  which  is  a  growth  promoting  hormone  during  gestation.  The  differential  actions  of  IGF-1  and 
IGF-2  in  embryonic  life  could  be  explained  by  the  fact  that  both  IGFs  are  known  to  bind  to  the 
signalling  IGF-1  receptor,  whereas  IGF-2  also  binds  to  the  nonsignalling  IGF-2  receptor  (J  Clin 
Endocrinol  Metab  2000;85:  4266-4269). 

Irrespectively  of  the  underlying  physiologic  mechanisms,  the  difference  in  birth  size  between 
Caucasian  and  Asian  newborn  can  account  for  only  a  small  fraction  of  the  differences  in  breast 
cancer  incidence.  However,  the  fact  that  endocrine  perinatal  influences  on  birth  size  are  evident 
mostly,  or  exclusively,  among  newborn  of  taller  women  (Table  CP4.2)  may  explain  the  sharp 
contrast  in  breast  cancer  incidence  between  Caucasian  and  Asian  women — birth  size  is  known  to 
be  positively  associated  with  adult  height  and,  over  successive  generations,  improved  nutrition, 
leading  to  increased  adult  body  size,  might  reduce  constraints  on  fetal  growth  and  birth  size, 
which  in  turn  affects  adult  height.  The  cycle  tends  to  repeat  itself,  notably  over  consecutive 
generations  of  Asians  migrating  to  the  west,  who  show  a  gradual  increase  of  breast  cancer 
incidence,  as  elaborated  in  a  commentary  published  in  PLoS  Medicine  (PLoS  Med  2008;5:  el94) 
in  the  context  of  the  present  Innovator  project  (see  Appendix  3). 

In  conclusion,  in  manuscript  Br  J  Cancer.  2009;100:1794-8  (Lagiou  et  al,  2009  -  see  Appendix 
2)  we  reported  that  cord  blood  IGF-1  is  significantly  and  substantially  higher  among  Caucasian 
compared  with  Chinese  babies,  whereas  the  opposite  is  noted  for  IGF-2.  Moreover,  IGF-1  is 
significantly  positively  associated  with  birth  weight  and  birth  length  in  Boston,  but  not  Shanghai. 
In  contrast,  positive  associations  of  IGF-2  with  birth  size  are  only  evident  in  Shanghai.  The 
positive  associations  of  birth  weight  and  birth  length  with  IGF-1  in  Boston  and  with  IGF-2  in 
Shanghai  were  significant  in  taller  women,  among  whom  maternal  anthropometry  does  not 
exercise  strong  constraints  in  fetal  growth.  The  documentation  of  higher  cord  blood  levels  of 
IGF-1,  a  principal  growth  honnone  that  does  not  cross  the  placenta,  among  Caucasian  than  in 
Asian  newborns  is  concordant  with  breast  cancer  incidence  in  these  populations.  On  the  basis  of 
these  results,  it  appears  that  cord  blood  insulin-like  growth  factors  IGF-1  and  IGF-2  may  have 
distinct  roles  for  adult  life  breast  cancer  risk. 

In  another  manuscript  published  in  2010  the  context  of  CP4  during  the  one  year  no  cost 
extension  granted  to  the  project  (Lagiou  et  al,  2010  -  see  Appendix  2),  we  studied  the  241 
singleton  pregnancies  and  offspring  of  Caucasian  women  in  Boston,  USA  and  the  295  singleton 
pregnancies  and  offspring  of  Chinese  women  in  Shanghai,  China  and  we  determined  a  range  of 
maternal  blood  honnones  at  the  16th  (samples  available  from  232  Caucasian  and  279  Chinese 
pregnancies)  and  27th  (samples  available  from  225  Caucasian  and  28 1  Chinese  pregnancies) 
gestational  week,  as  well  as  in  umbilical  cord  blood  (samples  available  from  92  Caucasian  and 
110  Chinese  pregnancies). 
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Table  CP4.3.  Spearman  correlation  coefficients  between  maternal  serum  levels  of  the  indicated  hormones  at  the  16th 
and  27th  gestational  week  and  levels  of  these  hormones  in  the  cord  blood  in  Boston,  USA  and  Shanghai,  China. 


Boston 

Shanghai 

Maternal  serum  measurement  at  weeks  16  and  27 

Estradiol 

0.72  b 

0.61  b 

Estriol 

0.37  b 

0.20  a 

SHBG 

0.85  b 

0.67  b 

Progesterone 

0.45  b 

0.39  b 

Testosterone 

0.83  b 

0.62  b 

Adiponectin 

0.46  b 

0.44  b 

IGF-1 

0.25  b 

0.32  b 

IGFBP3 

0.16  a 

0.32  b 

Maternal  serum  measurement  at  weeks  16  with  cord  blood 
measurement 

Estradiol 

0.09 

0.15 

Estriol 

-0.04 

-0.06 

SHBG 

0.09 

-0.09 

Progesterone 

-0.001 

0.03 

Testosterone 

-0.001 

0.05 

Adiponectin 

0.18 

-0.12 

IGF-1 

0.02 

-0.02 

IGFBP3 

0.19 

0.01 

Maternal  serum  measurement  at  weeks  27  with  cord  blood 
measurement 

Estradiol 

0.17 

0.12 

Estriol 

0.22  a 

0.00 

SHBG 

0.03 

-0.12 

Progesterone 

0.09 

0.06 

Testosterone 

0.16 

0.17 

Adiponectin 

0.06 

-0.20 a 

IGF-1 

0.18 

0.29 a 

IGFBP3 

-0.02 

-0.04 

SHBG:  sex  hormone  binding  globulin;  IGF-1:  insulin-like  growth  factor  1;  IGFBP3:  insulin-like  growth  factor 
binding  protein  3 
ap<0.05,  bp<0.001. 
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Table  CP4.4.  Comparison  (%)a  of  the  indicated  hormones  in  maternal  blood  at  the  16th  and  27th  gestational  week  and  in  the  cord  blood  between  Boston,  USA 
(reference)  and  Shanghai,  China _ 


16th  gestational  week1’ 

Shanghai  vs.  Boston  P 

27th  gestational  weekb 

Shanghai  vs.  Boston  p 

Cord  blood1 

Shanghai  vs.  Boston 

P 

Estradiol  (ng/ml) 

23.0  (10.9,36.5) 

<0.001 

7.2(-2.1,  17.3) 

0.127 

44.2  (12.5,  84.8) 

0.004 

Estriol  (ng/ml) 

34.9  (22.2,  49.0) 

<0.001 

42.9  (31.7,  55.0) 

<0.001 

2.6  (-13.2,21.2) 

0.775 

SHBG  (nmol/1) 

4.2  (-1.7,  10.5) 

0.170 

-0.5  (-6.6,  6.0) 

0.888 

104.6  (47.2,  184.5) 

<0.001 

Prolactin  (|ig/l) 

30.3  (14.9,  47.9) 

<0.001 

18.3  (8.1,29.5) 

<0.001 

- 

Progesterone  (ng/ml) 

-3.2  (-8.7,  2.7) 

0.274 

-10.7  (-16.1, -4.8) 

0.001 

-20.4  (-40.1,  5.8) 

0.120 

Testosterone  (ng/ml) 

0.9  (-10.7,  14.0) 

0.895 

13.8(1.3,27.4) 

0.023 

54.5  (22.2,  95.4) 

<0.001 

Adiponectin  (pg/ml) 

-11.5(-20.2,  -1.8) 

0.022 

-23.8  (-31.3,-15.5) 

<0.001 

-26.9  (-43.0,  -6.3) 

0.015 

IGF-1  (ng/ml) 

-36.9  (-45.4,  -27.10) 

<0.001 

-14.9  (-24.7,  -3.9) 

0.011 

-36.8  (-52.2,-16.3) 

0.002 

IGF-2  (ng/ml) 

- 

- 

22.7  (9.2,38.0) 

0.001 

IGFBP3  (ng/ml) 

12.2  (2.52,  22.80) 

0.013 

0.5  (-9.0,  11.0) 

0.937 

33.7  (0.1,78.4) 

0.049 

SHBG:  sex  hormone  binding  globulin;  IGF:  insulin-like  growth  factor;  IGFBP3:  insulin-like  growth  factor  binding  protein  3 
a Hormone  levels  were  log-transformed;  the  coefficient  expresses  %  difference  between  centers. 

b  Controlling  for  maternal  age,  BMI,  height  and  weight  gain,  parity,  duration  of  gestation,  exact  gestational  week  and  gender  of  offspring. 
c  Controlling  as  in  b  except  for  exact  gestational  week. 

NA:  Not  applicable 
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We  examined  the  possible  concordance  of  the  relative  levels  of  these  hormones  with  the  sharp 
ecological  contrast  in  the  two  populations  with  respect  to  breast  cancer  incidence.  Results 
concerning  maternal  levels  of  estrogens,  SHBG,  prolactin  and  progesterone  had  been  previously 
published  (Brit  J  Cancer  1999;  79:  7-12),  as  had  results  concerning  umbilical  cord  blood  levels 
of  IGF- 1,  IGF -2  and  IGFBP-3  (Lagiou  et  al,  2009  -  see  Appendix  2).  In  contrast,  hormone 
determinations  conducted  in  the  ILAT  Steroid  RIA  Laboratory  of  the  University  of 
Massachusetts  Medical  School  for  maternal  testosterone,  adiponectin,  IGF-1  and  IGFBP-3,  as 
well  as  cord  blood  estradiol,  estriol,  SHBG,  progesterone,  testosterone  and  adiponectin  had  not 
been  previously  reported. 

We  calculated  three  Spearman  correlation  coefficients  for  each  endocrine  compound,  between 
the  16th  week  maternal  sera  measurement,  the  27th  week  maternal  sera  measurement  and  the  cord 
blood  measurement.  We  also  used  multiple  regression  to  compare  log  transformed  cord  blood 
and  maternal  serum  hormone  levels  measured  at  the  16th  and  27th  gestational  week  between 
Boston  (referent)  and  Shanghai,  controlling  for  maternal  age,  maternal  height,  BMI  before 
pregnancy  and  weight  gain,  as  well  as  parity,  duration  of  gestation,  exact  gestational  week  for 
maternal  sampling  and  gender  of  offspring. 

Spearman  correlation  coefficients  between  the  levels  of  the  hormones  measured  in  maternal 
blood  at  the  16th  and  27th  gestational  week  and  the  levels  of  these  hormones  in  the  cord  blood  in 
the  two  settings  are  shown  in  Table  CP4.3.  Since  correlation  coefficients  are  dimensionless  it  is 
acceptable  to  calculate  these  coefficients,  even  when  the  measurements  are  done  at  different 
laboratories  with  different  methods,  provided  the  rankings  within  laboratories  are  not  very 
different.  It  is  evident  that  the  measured  honnones  track  during  pregnancy,  so  that  levels  at  the 
16th  gestational  week  are  predictive  of  levels  at  the  27th  gestational  week,  and  vice  versa.  The 
correlations  are  strong  with  respect  to  SHBG,  estradiol  and  testosterone,  modest  with  respect  to 
progesterone  and  adiponectin  and  weaker  with  respect  to  estriol,  IGF-1  and  IGFBP-3.  In 
contrast,  there  was  little  or  no  correlation  between  hormone  levels  in  maternal  blood  and  levels 
of  these  hormones  in  cord  blood. 

In  Table  CP4.4,  the  levels  of  hormones  measured  in  maternal  blood  at  the  16th  and  27th 
gestational  week  and  in  the  cord  blood  are  compared  between  Boston  (reference)  and  Shanghai. 
Differences  are  evident  between  centers  for  most  of  the  hormones  in  maternal  blood  or  in  the 
cord  blood.  In  maternal  sera,  levels  of  estriol  and  prolactin  (during  both  the  16th  and  27th 
gestational  week),  as  well  as  estradiol  and  IGFBP-3  (only  during  the  16th  gestational  week),  and 
testosterone  (only  during  the  27th  gestational  week)  were  significantly  higher  in  Shanghai  than  in 
Boston,  whereas  the  opposite  was  true  for  levels  of  IGF-1  and  adiponectin  (during  both  the  16th 
and  27th  gestational  week),  as  well  as  progesterone  (only  during  the  27th  gestational  week);  no 
significant  differences  were  evident  between  the  two  centers  with  respect  to  SHBG  at  either 
gestational  week.  In  the  cord  blood,  levels  of  estradiol,  testosterone,  IGF-2,  IGFBP-3  and  most 
strikingly  SHBG  were  significantly  higher  in  Shanghai,  whereas  the  opposite  was  true  for  levels 
of  adiponectin  and  IGF-1. 
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We  have  attempted  to  interpret  our  findings  in  light  of  the  considerably  higher  incidence  of 
breast  cancer  in  Caucasian  compared  to  Chinese  women,  taking  into  account  what  is  currently 
known  about  the  role  of  these  hormones  in  breast  cancer  etiology.  We  have  considered 
differences  in  cord  blood  levels  as  more  relevant  to  the  fetal  endocrine  environment  and  the 
possible  long  term  breast  cancer  risk  of  the  offspring.  In  adult  life  estrogens  and  testosterone 
have  been  consistently  positively  associated  with  breast  cancer  risk.  Both  maternal  and  cord 
blood  levels  of  estradiol,  estriol  and  testosterone,  however,  were  higher  in  Shanghai  than  in 
Boston  by  anywhere  between  0.9%  to  54.5%  (Table  CP4.4).  Thus,  levels  of  these  pregnancy 
honnones  by  themselves  are  unlikely  to  be  critical  actors  in  the  intrauterine  origin  of  breast 
cancer  since,  if  anything,  they  are  higher  in  the  population  with  substantially  lower  breast  cancer 
incidence.  In  contrast,  levels  of  SHBG  were  sharply  higher  in  the  cord  blood  of  women  in 
Shanghai  (by  104.64%),  raising  the  possibility  that  these  high  levels  in  Chinese  women  may 
reduce  the  bioavailability  of  active  endogenous  estrogens  and  testosterone  in  the  fetus.  In  adult 
life,  SHBG  in  relation  to  breast  cancer  has  been  studied  mainly  as  a  modulator  of  the  effects  of 
estradiol  and  testosterone  (Mol  Cell  Endocrinol  2010;  316:  86-92),  but  there  is  also  evidence  that 
high  levels  of  this  compound  may  be  more  directly  associated  with  a  reduction  in  breast  cancer 
risk  (Epidemiology  1996;  7:  96-100). 

In  conclusion,  taking  into  account  the  lower  incidence  of  breast  cancer  among  Chinese 
compared  to  Caucasian  women  and  our  current  understanding  of  the  role  of  the  examined 
honnones  in  breast  cancer  risk,  the  endocrine  factors  likely  to  be  involved  in  the 
intrauterine  origin  of  breast  cancer  in  the  offspring  are  SHBG  and  IGF-2,  with  higher 
cord  blood  levels  among  Chinese,  and  IGF-1  with  higher  cord  blood  levels  among 
Caucasian  women. 


CP4  reportable  outcomes 

•  Results  on  the  cord  blood  levels  of  IGF-1  and  IGF-2  among  Caucasian  and  Asian  women  and 
their  association  with  birth  size  were  presented  in  the  February  2009,  2010  and  2011  LINKS 
meetings.  Results  on  the  cord  blood  levels  of  SHBG  among  Caucasian  compared  to  Asian 
pregnancies  were  presented  in  the  2011  LINKS  meeting. 

•  A  manuscript  on  the  cord  blood  levels  of  IGF-1  and  IGF-2  among  Caucasian  and  Asian 
women  and  their  association  with  birth  size,  as  a  correlate  of  adult  life  breast  cancer  risk,  has 
been  published  (Lagiou  et  al,  2009  -  see  Appendix  2) 

•  A  manuscript  on  cord  blood  levels  of  SHBG  and  other  honnones  among  Caucasian 
compared  to  Asian  pregnancies,  in  the  context  of  the  sharp  ecological  contrast  in  breast 
cancer  incidence  in  these  populations,  has  been  published  (Lagiou  et  al,  2010  -  see  Appendix 
2). 

•  A  manuscript  on  the  association  between  maternal  energy  intake  and  offspring  gender  has 
been  published,  with  explicit  acknowledgment  of  support  by  the  Innovator  project  (see 
Appendix  4) 


CP4  Conclusion 
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The  work  under  this  component  project  was  successfully  perfonned.  Two  manuscripts  have  been 
published  and  further  analyses  are  considered. 

CP4  References 


Lagiou  P,  Hsieh  CC,  Lipworth  L,  Samoli  E,  Okulicz  W,  Troisi  R,  Xu  B,  Hall  P,  Ekbom  A, 
Adami  HO,  Trichopoulos  D.  Insulin-like  growth  factor  levels  in  cord  blood,  birth  weight  and 
breast  cancer  risk.  Br  J  Cancer.  2009;100:1794-8. 

Lagiou  P,  Samoli  E,  Okulicz  W,  Xu  B,  Lagiou  A,  Lipworth  L,  Georgila  C,  Vatten  L,  Adami  HO, 
Trichopoulos  D,  Hsieh  CC.  Maternal  and  cord  blood  hormone  levels  in  the  United  States  and 
China  and  the  intrauterine  origin  of  breast  cancer.  Ann  Oncol.  2010  Oct  13.  [Epub  ahead  of 
print] 


CP5:  “ Breast  stem  cells  and  perinatal  factors  for  breast  cancer  risk ” 


CP5  PI:  Prof  Chung-Cheng  Hsieh ,  University  of  Massachusetts  Cancer  Center,  55  Lake  Avenue 
North,  Worcester,  MA  01655 

Timetable  of  research  accomplishments  of  CP5  as  outlined  in  the  Statement  of  Work. 

Task  5  To  investigate  whether  markers  of  mammary  stem  cells  are  associated  with  perinatal 
characteristics  that  are  linked  to  breast  cancer  in  later  life: 

a.  Finalization  of  questionnaire  for  obtaining  maternal  and  gestation  characteristics. 

(Months  1-3) 

b.  Training  of  the  study  personnel  on  study  procedures.  (Months  1-6) 

c.  Subject  recruitment  and  sample  collection  from  a  total  of  250  pregnant  women.  (Months 
7-42) 

d.  Conduct  of  laboratory  assays  for  markers  of  stem  cells  (Months  7-45) 

e.  Conduct  of  laboratory  assays  for  honnones  (Months  10-48) 

f.  Data  analyses.  (Months  45-54) 

g.  Manuscript  preparation  and  submission.  (Months  49-60) 

CP5  Progress  report 

The  underlying  premises  of  this  component  project  are  that  1)  breast  stem  cells  are  the  cell  type 
that  undergoes  malignant  transformation,  2)  breast  stem  cells  primarily  arise  during  the 
fetal/perinatal  period,  and  therefore  the  in  wtero/perinatal  environment  is  a  major  determinant  of 
the  breast  stem  cell  number  in  an  individual,  and  3)  the  greater  the  number  of  breast  stem  cells, 
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the  greater  the  likelihood  that  one  will  undergo  an  oncogenic  alteration.  Previously,  we  have 
shown  that  the  concentration  of  hematopoietic  stem  cells  in  umbilical  cord  blood,  serving  as  a 
surrogate  for  overall  stem  cell  levels,  is  correlated  with  perinatal  levels  of  mitogens  including 
estrogens  and  IGF-1  (Cancer  Res  2005;  65;  358-363;  Breast  Cancer  Res  2007;  9:  R29).  Ideally, 
one  would  like  to  obtain  some  indicators  of  the  levels  of  epithelial  precursors  cells  in  the 
perinatal  environment,  and  detennine  if  such  cells  might  be  a  better  indicator  of  future  breast 
cancer  risk.  In  CP5,  we  are  using  umbilical  cord  blood  as  the  perinatal  cell  source. 

Ethical  clearance  of  CP5  (a+b)  was  granted  by  the  US  Anny  Human  Subjects  Research  Review 
Board  (HSRRB)  on  July  17,  2006  and  CP5  was  officially  launched  on  July  18,  2006.  The 
questionnaire  for  obtaining  maternal  and  gestation  characteristics  has  been  finalized  and  study 
personnel  have  been  trained  on  the  study  procedures  (Task  5a  and  5b). 

Subject  recruitment  and  sample  collection  started  at  the  Tufts-New  England  Medical  Center 
(currently  known  as  Tufts  Medical  Center)  on  November  16,  2006  (Task  5c).  From  November 
16,  2006  to  the  tennination  of  recruitment  for  this  study  on  November  17,  2010,  287  women 
consented  to  participate  in  the  study.  Umbilical  cord  blood  samples  were  collected  from  216 
eligible  subjects.  Of  these  samples,  179  were  processed  at  the  University  of  Massachusetts 
Cancer  Center  Stem  Cell  Research  Laboratory  within  24  hours  of  childbirth  (Task  5d).  After  the 
unexpected  passing  away  of  Dr.  Todd  Savarese  in  October  2007,  a  laboratory  scientist,  Dr.  Li 
Qiu,  was  recruited  in  May  2008  to  work  on  the  project. 

In  the  past  grant  year  (no  cost  extension),  the  research  team  at  the  University  of  Massachusetts 
Cancer  Center  has  continued  to  make  progress  by  processing  2 1  umbilical  cord  blood  samples  of 
nonnal  pregnancies  received  from  the  Tufts  Medical  Center  for  mononuclear  cells  (MNC)  (Task 
5d).  Genes  of  putative  epithelial  breast  stem/progenitor  cells,  such  as  epithelial  adhesion 
molecule  (EpCAM),  CD49f  (a6-integrin),  CD1 17  (c-kit  receptor),  CD24,  and  CD29  (pl- 
integrin),  were  detected  in  umbilical  cord  blood-derived  MNC  by  reverse  transcription 
polymerase  chain  reaction  (Figure  CP5.1A).  Additionally,  we  confirmed  co-localized  protein 
expressions  of  EpCAM+CD491^,  CD49ff CD24+  and  CD24+CD29+  surface  markers  in  umbilical 
cord  blood-derived  MNC  by  confocal  microscopic  analyses.  We  further  quantified  the 
percentages  of  MNC  derived  from  umbilical  cord  blood  by  flow  cytometry  for  hematopoietic 
cell  markers  (CD34+  and  CD34+CD38‘)  and  reported  markers  of  breast  stem/progenitor  cells 
(EpCAM+CD49f,  EpCAM+CD49f  CD  1 17+,  CD49fCD24+,  CD24+CD29+,  and 
CD24+CD29+CD49f*),  in  addition  to  the  general  epithelial  marker  EpCAM.  Data  analyses  (Task 
5f)  using  the  FlowJo  software  program  showed  that  the  EpCAM+  subpopulation  ranged  from 
0.19  to  19.8  cells/1,000  MNC  with  a  mean±standard  deviation  of  3.4  ±  4.0  cells;  the 
EpCAM+CD49ff  subpopulation  ranged  from  0.049  to  9.7  cells/1,000  MNC  with  a  mean  of  1.7  ± 
1.8  cells;  the  EpCAM+CD49f^ CD  1 17+ subpopulation  ranged  from  0.02  to  2.4  cells/1,000  MNC 
with  a  mean  of  0.48  ±  0.56  cells;  the  CD49f* CD24+  subpopulation  ranged  from  0  to  48.1 
cells/1,000  MNC  with  a  mean  of  14.7  ±  12.9  cells;  the  CD24+CD29+  subpopulation  ranged  from 
0.1 1  to  46.2  cells/1,000  MNC  with  a  mean  of  10.3  ±  9.8  cells;  and  the  CD24+CD29+CD49ff 
subpopulation  ranged  from  0  to  44.4  cells/1,000  MNC  with  a  mean  of  8.3  ±  8.8  cells.  We 
performed  a  rank  correlation  analysis  between  concentrations  of  hematopoietic  and  breast 
stem/progenitor  cell  subpopulations  and  found  that  levels  of  the  EpCAM+  subpopulation  were 
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positively  correlated  with  concentrations  of  CD34+  and  CD34+CD38"  hematopoietic  stem  cells 
(both  P  =  0.006).  Except  for  the  CD24+CD29+  cells,  all  putative  breast  stem/progenitor  cell 
subpopulations  were  positively  associated  with  the  hematopoietic  stem  cell  subpopulations. 
Notably,  the  EpGAM  CD49fi  and  CD49T CD24+  subpopulations  were  positively  and 
significantly  correlated  to  the  CD34+  cells  ( P  =  0.03  and  0.008,  respectively).  These  associations 
were  clearer  among  female  than  among  male  newborns,  in  particular  the  EpCAM+ 
subpopulation.  A  manuscript  reporting  these  findings  has  been  accepted  for  publication  in 
Annals  of  Oncology  (Task  5g).  Additionally,  plasma  harvested  from  these  samples  has  been  sent 
for  hormone  assays  (Task  5e). 

We  have  not  been  able  to  establish  parameters  for  the  liquid  culture  of  putative  breast  stem  cell- 
derived  cell  clusters  (“mammospheres”).  While  a  variety  of  culture  conditions  [including  the 
growth  of  MNC  or  EpCAM+  MNC  in  defined  mammary  epithelial  cell  growth  medium  (MEGM) 
on  Collagen- 1  coated  dishes;  the  growth  of  MNC  or  lineage-depleted  MNC  in  defined 
mammocult  medium  on  tissue  culture  or  ultra-low  attachment  dishes;  and  the  growth  of  MNC  in 
mammocult  medium  supplemented  with  fetal  bovine  serum,  p-mercaptoethanol,  or  sonic 
hedgehog]  resulted  in  the  formation  of  cell  clusters,  inconsistent  growth  and  cell  death  within  1 
to  2  weeks  made  it  difficult  to  assess  clonal  growth.  Since  the  last  report,  we  have  investigated 
the  growth  of  differentiated  mammary  phenotypes  by  culturing  MNC,  EpCAM+  and  CD49P 
MNC  in  matrigel  but  with  no  success.  Recently  we  have  some  success  in  obtaining  putative 
mammary  phenotypes  by  culturing  CD101  MNC  in  matrigel  that  needs  to  be  confirmed  by 
immuno-staining. 

CP5  key  research  accomplishments 
Summary: 

•  Among  term  newborns  with  a  normal-to-high  birth  weight,  birth  weight  was  found  to  be 
significantly  positively  associated  with  stem  cell  measurements,  supporting  a  role  of  stem 
cell  pool  on  cancer  risk  (Strohsnitter  et  al,  2008  -  see  Appendix  2). 

•  Genes  of  putative  epithelial  breast  stem/progenitor  cell  markers,  i.e.,  EpCAM,  CD49f  (a6- 
integrin),  CD1 17  (c-kit),  CD24  and  CD29  (pl-integrin),  were  detected  in  umbilical  cord 
blood-derived  MNC  by  RT-PCR  (Qiu  et  al,  201 1  -  see  Appendix  2). 

•  Protein  expressions  of  putative  epithelial  breast  stem/progenitor  cells,  i.e.,  EpCAM+CD491^, 
CDdOf* CD24+  and  CD24+CD29+  surface  markers,  were  detected  in  umbilical  cord  blood- 
derived  MNC  by  immuno-staining  and  confocal  microscopic  analyses  (Qiu  et  al,  2011-  see 
Appendix  2). 

•  Subpopulations  with  markers  for  hematopoietic  stem  cells  (CD34+  and  CD34+CD38‘)  and 
putative  epithelial  breast  stem/progenitor  cells  (EpCAM+,  EpCAM+C D49 f, 
EpCAM+CD49fCDl  17+,  CD49f  CD24+,  CD24+CD29+,  and  CD49f  CD24+CD29+)  were 
detectable  in  umbilical  cord  blood-derived  MNC  and  quantified  by  flow  cytometric  analysis 
(Qiu  et  al,  2011-  see  Appendix  2). 

•  Umbilical  cord  blood  breast  and  hematopoietic  stem  cells  have  been  found  to  be  positively 
correlated  (EpCAM+  with  CD34+  and  CD34+CD38'  cells;  EpCAM+CD49fi  and 
CCHOf* CD24+  with  CD34+  cells)  (Qiu  et  al,  2011-  see  Appendix  2). 
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Specifically: 


In  a  paper  published  in  the  British  Journal  of  Cancer  in  2008  in  the  context  of  CP5  (Strohsnitter 
et  al,  2008  -  see  Appendix  2),  we  examined  the  association  of  the  size  of  the  hematopoietic  stem 
cell  pool  with  birth  weight.  The  paper  was  based  on  the  established  positive  association  of  birth 
weight  with  the  risk  of  breast  cancer  in  adult  life  (PLoS  Med  2008;  5:  el  93)  and  the  hypothesis 
(supported  in  a  later  study  in  the  context  of  CP5  -  see  below)  that  the  size  of  the  hematopoietic 
stem  cell  pool  is  correlated  to  the  size  of  the  mammary  tissue  specific  stem  cell  pool.  The 
postulated  underlying  pathophysiologic  mechanism  was  that  levels  of  in  utero/perinatal  mitogens 
and  other  factors  determine  the  size  of  the  stem  cell  pools  in  the  developing  fetus,  and  the  greater 
the  stem  cell  pool  size,  the  greater  the  chance  that  one  of  the  stem  cells  will  be  mutated  by  a 
carcinogen,  or  undergo  a  DNA  replicative  error,  initiating  oncogenic  transformation. 

Consenting  study  subjects  were  recruited  from  one  of  two  sources:  (1)  participants  in  the 
Worcester,  MA-based  American  Red  Cross  cord  blood  program  (ACBP),  in  which 
haematopoietic  stem  cells  from  umbilical  cord  blood  were  collected  for  possible  transplantation, 
from  August  2002  to  June  2003,  and  (2)  pregnant  women  delivering  at  T-NEMC  from  October 
2004  to  April  2006.  Ah  the  cord  blood  samples  were  from  full-term  singleton  infants.  The 
processing  of  samples  included  the  detennination  of  cord  blood  volumes,  the  determination  of 
initial  levels  of  total  nucleated  cells  (TNC)  and  mononuclear  cells  (MNC)  before  centrifugations 
or  manipulation,  the  quantitation  of  haematopoietic  stem  /  progenitor  cell  populations  and  the 
determination  of  cord  blood  plasma  hormone  levels  (Breast  Cancer  Res  2007;9:  R29).  The 
following  haematopoietic  stem  and  progenitor  populations  were  quantitated  (1)  CD34+ cells,  a 
heterogeneous  population  of  early  multipotent  stem  and  progenitor  cells,  committed  progenitors 
and  differentiating  cells  (Leuk  Lymphoma  2000;38:489-497);  (2)  CD34+CD38'  cells,  which 
represent  more  primitive  stem  cells  depleted  of  lineage-committed  precursors  (Leuk  Lymphoma 
2000;38:489-497);  (3)  CD34+c-A7f  cells,  which  also  represent  a  more  primitive  stem  cell 
population  that  has  relatively  high  cloning  efficiencies  in  semisolid  culture  (Cytokine  1994;6: 
195-205  ;  Stem  Cells  1998;  16:  153-165);  and  (4)  granulocyte-macrophage  colony  forming  units 
(CFU-GM),  a  functional  measure  of  the  number  of  proliferative  granulocyte  /  macrophage 
committed  haematopoietic  precursor  cells  (Exp  Hematol  1992;20:1043-1047). 

Multivariate  linear  regression  was  used  to  examine  the  association  between  natural  log- 
transformed  measures  of  stem  cell  potential  (dependent  variable)  and  birth  weight  (independent 
variable,  using  3000-3499  g  as  the  reference),  adjusting  for  maternal  and  neonatal  characteristics 
(mother’s  age,  race  of  parents,  number  of  live  births,  gestation  duration,  baby’s  gender,  delivery 
time  and  study  site).  To  assess  whether  there  was  an  underlying  linear  trend,  birth  weight  was 
next  analyzed  as  a  continuous  variable  across  the  whole  range  of  birth  weight  values  with  the 
effect  estimates  expressed  for  each  500  g  increase  in  birth  weight.  The  fitted  coefficients  from 
the  regression  analyses  were  exponentiated  to  obtain  the  estimated  proportional  change  in  birth 
weight  associated  with  each  independent  variable.  Statistical  significance  was  set  at  0.05  (two- 
sided). 
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We  found  a  J-shaped  association  between  birth  weight  categories  and  concentrations  of  TNC 
(lymphocytes,  monocytes  and  granulocytes),  as  well  as  a  J-shaped  relation  with  MNC 
(lymphocytes  and  monocytes),  both  including  more  differentiated  cells.  Among  the  stem  cell 
populations,  there  was  a  positive  association  with  CD34+CD38‘  cells  across  the  whole  range  of 
birth  weight  categories,  with  each  500  g  increase  being  associated  with  15.5%  higher  levels  of 
this  cell  population  (95%  confidence  interval:  1.6,  31.3%)  (Table  CP5.1). 

A  J-shaped  relation  was  observed  for  the  CD34+  and  CD34+c-Aff  cells:  for  birth  weights  of  3000 
g  or  greater,  stem  cell  concentrations  increased  with  birth  weight,  while  the  lowest  category  of 
o3000  g  had  higher  levels  than  the  category  of  3000-3499  g.  For  CFU-GM,  an  approximate  U- 
shaped  relation  was  observed,  with  the  lowest  birth  weight  category  having  the  highest  levels  of 
this  cell  population  (Table  CP5.1). 
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Table  CP5.1.  Multiple  linear  regression  analysis  for  the  association  between  measurements  of  hematopoietic  stem  cell  populations  and  birth  weight. 


Analytic  model 

Cell 

measurements 

Birth  weight  (g)  in  categories 

Birth  weight  per  500g 

%  difference 
(95%  Cl) 

<3,000 

%  difference  (95% 

Cl) 

3,000-3,499 

Reference 
(geometric  mean*) 

3,500-3,999 

%  difference  (95% 
Cl) 

>=4,000 

%  difference 
(95%  Cl) 

TNC 

2.1  (-8.5,  14.0) 

0.0  (15.00) 

7.8  (-1.7,  18.3) 

8.4  (-8.1,27.8) 

3.0  (-2.5,  8.9) 

MNC 

5.7  (-6.4,  19.3) 

0.0(6.91) 

6.5  (-3.9,  18.0) 

12.5  (-6.2,  34.9) 

2.1  (-3.9,  8.4) 

Adjusted  for  core 
covariates** 

CD34+a 

2.4  (-19.2,  29.7) 

0.0(7.04) 

12.5  (-8.1,  37.7) 

20.8  (-15.5,  72.8) 

9.5  (-2.6,23.2) 

CD34+CD38"a 

-1.1  (-23.6,28.1) 

0.0(3.11) 

19.1  (-4.3,48.1) 

47.9  (0.4, 117.8) 

15.5  (1.6,31.3) 

CD34+c-feY+b 

13.7  (-14.0,  50.4) 

0.0  (5.80) 

18.9  (-5.5,  49.6) 

34.2  (-10.4,  101.1) 

10.0  (-4.0,  26.1) 

CFU-GMC 

37.0  (2.1,  83.8) 

0.0  (4.04) 

29.0  (-0.1,  66.6) 

31.4  (-16.2,  106.1) 

6.1  (-8.4,23.0) 

*Unadjusted  geometric  means.  TNC:  initial  total  nucleated  cells  x  106/ml;  MNC:  initial  mononuclear  cells  x  106/ml;  the  unit  for  the  stem  cell  populations  (CD34 ", 
CD34+CD38",  CD34+c-feY+,  and  CFU-GM)  was  /1,000  MNC. 

**Core  covariates  included  mother’s  age,  race  of  parents  (both  Caucasian  or  not),  parity,  gestation  duration,  gender  of  baby  (male  or  female),  delivery  time  (night 
or  day),  and  study  site  (ACBP  or  T-NEMC). 
a  n=233  with  complete  information  on  all  the  covariates 
b  Determined  only  in  the  T-NEMC-derived  samples 

c  Data  from  the  T-NEMC-derived  samples  on  which  this  assay  was  conducted 
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Our  findings  indicate  that  there  is  a  positive  association  between  birth  weight  and 
haematopoietic  stem  cell  measurements  in  the  cord  blood  samples  among  newborns  with  nonnal- 
to-high  (3000  g  or  more)  birth  weights.  This  association  is  strongest  with  CD34+CD38"  cells,  a 
relatively  primitive  haematopoietic  stem  cell  population.  These  data  are  in  line  with  previous 
studies,  which  showed  a  positive  relationship  between  cord  blood  CD34+  or  CFU-GM  levels  and 
birth  weight  (Br  J  Haematol  1 998;  1 03 :  1 167-1 171  ;  Bone  Marrow  Transplant  2001;27:7-14  ; 
Acta  Paediatr  2004;93:1323-1329).  We  conclude  that  there  is  a  J-  or  U-shaped  positive 
association  between  birth  weight  and  stem  cell  measurements,  linear  among  term  newborns  with 
nonnal-to-high  birth  weight  and  stronger  with  the  more  primitive  stem  cell  sub-population.  The 
nonlinear  relationship,  however,  suggests  that  birth  weight  is  not  an  unequivocal  indicator  of 
stem  cell  potential  in  the  context  of  a  prenatal  origin  of  cancer  risk.  Quantitation  of  stem  cell 
pools  might  prove  to  be  a  more  accurate  predictor  of  cancer  risk  than  birth  weight  per  se. 

In  another  paper  in  the  context  of  CP5,  accepted  for  publication  by  the  Annals  of  Oncology  (Qiu 
et  al,  in  press  -  see  Appendix  2),  we  analyzed  mononuclear  cells  derived  from  human  umbilical 
cord  blood  for  gene  expressions  of  markers  reported  for  putative  breast  epithelial  stem  cells  and 
progenitors  (Genes  Dev  2009;  23:  2563-2577)  and  quantified  such  cell  populations  by  flow 
cytometry.  We  were  able  to  document  the  existence  of  putative  breast  stem/progenitor  cell 
phenotypes  in  umbilical  cord  blood  and  that  the  concentrations  of  certain  breast  stem/progenitor 
cell  phenotypes  found  in  umbilical  cord  blood  correlate  positively  with  those  of  hematopoietic 
stem  cells. 

Study  subjects  were  recruited  from  November,  2006  to  November,  2010  among  pregnant  women 
who  delivered  at  the  Tufts  Medical  Center,  who  were  18  years  or  older,  with  a  fetus  free  of 
anomalies  by  ultrasound  examination.  We  included  only  full  term,  normo tensive,  singleton 
pregnancies. 

Umbilical  cord  blood  was  collected  from  the  umbilical  vein  into  a  sterile  bag  containing  35  ml  of 
citrate -phosphate-dextrose  anticoagulant  (Fenwal,  Lake  Zurich,  IL,  USA).  Samples  were 
processed  for  umbilical  cord  blood  mononuclear  cells  (MNC)  using  a  Ficoll-Paque  density 
gradient  within  24  hours  of  birth.  We  determined,  by  reverse  transcription  polymerase  chain 
reaction,  the  presence  of  genes  of  putative  breast  epithelial  stem  cell/progenitor  markers 
(including  EpCAM,  CD49f  (a6-integrin),  CD1 17  (c-kit),  CD24,  and  CD29  ((31-integrin)).  By 
immunocytochemistry,  we  co-localized  protein  expressions  of  EpC  AM+CD49ff ,  00491^ CD24+ 
and  CD24+CD29+.  Using  Speannan  rank  correlation  coefficients,  we  correlated  concentrations  of 
putative  breast  stem  cell/progenitor  subpopulations,  quantified  by  flow  cytometry,  with 
concentrations  of  hematopoietic  stem  cells. 
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Figure  CP5.1.  (A)  Gel  electrophoresis  showing  the  detection  of  PCR  products  for  EpCAM,  CD49f  (a6- 
integrin),  GDI  17  (c-kit),  CD24,  CD29  (|3 1  -integrin),  and  the  housekeeping  gene  cyclophilin  from 
umbilical  cord  blood-derived  mononuclear  cells  from  5  umbilical  cord  blood  samples  (D333,  D341, 

D342,  D344,  and  D349).  Water  (last  lane)  was  used  as  negative  controls.  (B)  Double-labeled 
immunofluorescent  confocal  microscopy  of  umbilical  cord  blood-derived  mononuclear  cells  from  sample 
D321  showing  colocalization  in  the  overlay  image  of  EpCAM  (green)  and  CD49f  (red)  (top  panel);  CD24 
(green)  and  CD49f  (red)  (middle  panel);  and  CD24  (green)  and  CD29  (red)  (bottom  panel).  Scale  bar 
represents  20  pm.  (C)  Flow  cytometric  pseudocolor  plots  showing  the  detection  of  the  EpCAM+, 
EpCAM+CD49fr,  EpCAMCD49f  CD1  17,  CD49TCD24,  CD24+CD29+,  and  CD49TCD24CD29 
subpopulations  (boxed,  with  percentage  of  cells  indicated)  from  umbilical  cord  blood-derived 
mononuclear  cells  of  sample  N4 1 .  The  arrows  indicate  that  the  triple  positive  population  was  derived 
from  the  double  positive  population  as  shown.  The  markers  shown  in  the  top  panel  have  been  reported  in 
humans  while  the  markers  shown  in  the  bottom  panel  have  been  reported  in  mice. 
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More  specifically,  to  determine  whether  putative  breast  stem/progenitor  cell  phenotypes  were 
present  in  umbilical  cord  blood,  we  analyzed  genes  reported  for  breast  stem  cell  markers  (Genes 
Dev  2009;  23:  2563-2577)  in  the  MNC  fraction  of  umbilical  cord  blood  by  RT-PCR.  Because 
breast  stem  cells  are  considered  epithelial  in  nature  (Stem  Cell  Rev  2006;  2:  103-110),  we  first 
detected  the  gene  for  epithelial  adhesion  molecule  (EpCAM),  or  epithelial-specific  antigen 
(ESA),  as  a  marker  for  epithelial  cells  (J  Cell  Biol  1994;  125:  437-446).  Additionally,  genes  of 
putative  markers  for  breast  stem/progenitor  cells,  i.e.,  CD49f  (a6-integrin),  CD1 17  (c-kit 
receptor),  CD24,  and  CD29  (pi-integrin)  were  detected  in  umbilical  cord  blood-derived  MNC 
(Figure  CP5. A). 

Second,  we  determined  protein  expressions  by  immunocytochemistry  and  observed  co-localized 
staining  of  EpCAM+CD49f+,  CD49ff CD24+  and  CD24+CD29+  surface  markers  in  umbilical  cord 
blood-derived  MNC  by  confocal  microscopic  analyses  (Figure  CP5.B).  We  further  quantified  the 
percentages  of  umbilical  cord  blood-derived  MNC  with  putative  markers  of  the  different  breast 
stem  cell  subpopulations  (EpCAM+CD491^,  EpCAM+CD49ff CD1 17+,  CD491^ CD24+, 
CD24+CD29+,  and  CD24+CD29+CD49ff)  in  addition  to  EpCAM  by  flow  cytometry  (Figure 
CP5.C). 

Data  analyses  using  the  FlowJo  software  program  showed  that  the  EpCAM+  subpopulation 
ranged  from  0.19  to  19.8  cells/1,000  MNC  with  a  mean±  standard  deviation  of  3.4  ±  4.0  cells; 
the  EpCAM  CD49r  subpopulation  ranged  from  0.049  to  9.7  cells/1,000  MNC  with  a  mean  of 
1.7  ±  1.8  cells;  the  EpC AM+CD491^CD  1 17+  subpopulation  ranged  from  0.02  to  2.4  cells/1,000 
MNC  with  a  mean  of  0.48  ±  0.56  cells;  the  CD491^ CD24+  subpopulation  ranged  from  0  to  48.1 
cells/1,000  MNC  with  a  mean  of  14.7  ±  12.9  cells;  the  CD24+CD29+  subpopulation  ranged  from 
0.1 1  to  46.2  cells/1,000  MNC  with  a  mean  of  10.3  ±  9.8  cells;  and  the  CD24+CD29CD49ff 
subpopulation  ranged  from  0  to  44.4  cells/1,000  MNC  with  a  mean  of  8.3  ±  8.8  cells. 

We  also  quantified  the  percentages  of  umbilical  cord  blood-derived  MNC  with  hematopoietic 
stem  cell  markers,  i.e.,  CD34+  and  CD34+CD38",  and  perfonned  a  rank  correlation  analysis 
between  concentrations  of  hematopoietic  and  breast  stem/progenitor  cell  subpopulations.  Levels 
of  the  EpCAM +  subpopulation  were  positively  correlated  with  concentrations  of  CD34+  and 
CD34+CD38‘  hematopoietic  stem  cells  (both  P  =  0.006;  Table  CP5.2).  Except  for  the 
CD24+CD29+  cells  in  female  offspring,  all  putative  breast  stem/progenitor  cell  subpopulations 
were  positively  associated  with  the  hematopoietic  stem  cell  subpopulations.  Notably,  the 
EpCAM  CD49f  and  CD49E CD24+  subpopulations  were  positively  and  significantly  correlated 
to  the  CD34+  cells  (P  =  0.03  and  0.008,  respectively).  These  associations  were  clearer  among 
female  than  among  male  newborns,  in  particular  for  the  EpCAM+  subpopulation  (Table  CP5.2). 
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Table  CP5.2.  Spearman  correlation  coefficients  (P  values  in  parentheses)  between  umbilical  cord  blood  hematopoietic  and  breast  stem/progenitor  cell 
populations. 


Hematopoietic  stem 

Breast  stem/progenitor  cell  subpopulations 

cell  subpopulations 

EpCAM+ 

EpCAM+CD49f 

EpCAM+CD49fCD117+ 

CD49fCD24+ 

CD24+CD29+ 

CD49fCD24+CD29+ 

All  subjects  (AO 

112 

109 

32 

56 

55 

55 

CD34' 

0.26  (0.006) 

0.21  (0.03) 

0.24  (0.20) 

0.35  (0.008) 

0.14(0.32) 

0.17(0.21) 

CD34+CD38" 

0.26  (0.006) 

0.15  (0.12) 

0.30  (0.09) 

0.24  (0.07) 

0.01  (0.97) 

0.18  (0.19) 

Newborn  gender 

Males  (AO 

53 

53 

14 

25 

25 

25 

CD341 

0.23  (0.37) 

0.22  (0.12) 

0.41  (0.15) 

0.33  (0.11) 

0.07(0.76) 

0.28  (0.18) 

CD34+CD38" 

0.02  (0.90) 

0.04  (0.77) 

0.27  (0.36) 

0.38  (0.06) 

0.09  (0.67) 

0.36  (0.08) 

Females  (AO 

59 

56 

18 

31 

30 

30 

CD34+ 

0.36  (0.005) 

0.18  (0.19) 

0.03  (0.90) 

0.35  (0.05) 

0.18  (0.34) 

0.05  (0.78) 

CD34+CD38" 

0.37  (0.004) 

0.19(0.17) 

0.18  (0.48) 

0.19  (0.29) 

-0.03  (0.88) 

0.08  (0.68) 
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To  our  knowledge,  this  is  the  first  report  of  measurable  breast  stem  cells  in  human  umbilical  cord 
blood.  The  detection  of  putative  breast  stem/progenitor  cell  phenotypes  suggests  that  there  is  a 
“mammary”  compartment  within  the  umbilical  cord  blood.  These  putative  breast  stem/progenitor 
cell  phenotypes  in  the  umbilical  cord  blood  niche  are  rare,  but  detectable  by  flow  cytometry.  Our 
results  indicate  that,  at  the  time  of  birth,  intrauterine  conditions  may  sustain  certain 
subpopulations  of  breast  stem/progenitor  cell  phenotypes. 

Levels  of  these  breast  stem  cells  correlated  positively  and  significantly  with  those  of 
hematopoietic  stem  cells.  In  previous  studies  we  had  shown  that  concentrations  of  hematopoietic 
stem  cells  (as  surrogate  measurements  of  overall  stem  cell  levels  in  the  intrauterine  environment) 
are  correlated  with  umbilical  cord  blood  levels  of  hormones  and  with  birth  weight  (Cancer  Res 
2005;  65:358-363  ;  Breast  Cancer  Res  2007;9:  R29  ;  Br  J  Cancer  2008;  98:  660-663).  Thus,  our 
results  provide  a  biologically  plausible  mechanism  underlying  the  association  of  early  life 
exposures  with  the  risk  of  breast  cancer  in  the  offspring  through  a  pathway  involving  the 
mammary  stem  cell  pool. 

CP5  reportable  outcomes 

•  Recruitment  of  287  pregnant  women  has  been  accomplished. 

•  179  umbilical  cord  blood  samples  have  been  processed  for  stem  cell  measurements. 

•  The  CP5  co-PI  (CCH)  attended  the  Era  of  Hope  2008  meeting  and  presented  results  on  the 
association  of  birth  weight  with  stem  cell  measurements. 

•  A  paper  on  the  positive  association  of  hematopoietic  stem  cell  measurements  with  birth 
weight  has  been  published  (Strohsnitter  et  al,  2008  -  see  Appendix  2). 

•  A  paper  on  the  identification  of  mammary  stem  cell  phenotypes  in  umbilical  cord  blood  and 
the  positive  correlation  of  hematopoietic  stem  cells  with  mammary  tissue  specific  stem  cells 
has  been  accepted  for  publication  by  the  Annals  of  Oncology  journal  (Qiu  et  al,  in  press  - 
see  Appendix  2) 

•  Results  on  the  positive  association  of  birth  weight  with  hematopoietic  stem  cell 
measurements  were  presented  in  the  February  2010  LINKS  meeting  and  results  on  the 
positive  correlation  of  hematopoietic  stem  cells  with  mammary  tissue  specific  stem  cells 
were  presented  in  the  2011  LINKS  meeting. 

CP5  Conclusion 


This  is  the  first  report  on  the  identification  of  measurable  mammary  stem  cell  phenotypes  in 
human  umbilical  cord  blood.  Importantly,  the  concentrations  of  certain  breast  stem/progenitor 
cell  populations  found  in  umbilical  cord  blood  correlated  positively  and  significantly  with  those 
of  hematopoietic  stem  cells.  This  finding  is  significant  because  concentrations  of  hematopoietic 
stem  cells  have  been  correlated  with  indicators  of  adult  life  breast  cancer  risk,  notably  birth 
weight,  as  well  as  umbilical  cord  blood  plasma  levels  of  IGF-1  and  estrogens.  Hence,  breast  stem 
cell  pools  in  umbilical  cord  blood  are  likely  to  be  predictors  of  breast  cancer  susceptibility  in  the 
adult  life.  However,  future  research  will  need  to  determine  whether  these  putative  breast 
stem/progenitor  cell  pools  identified  in  umbilical  cord  blood  are  indeed  functional  mammary 
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cells.  If  so,  we  will  have  a  model  system  to  understand  whether  genetic  and/or  epigenetic 
alterations  in  breast  stem/progenitor  cells  explains  fetal  programming  of  breast  cancer  risk  in  the 
adult  life. 

CP 5  References 


Strohsnitter  WC,  Savarese  TM,  Low  HP,  Chelmow  DP,  Lagiou  P,  Lambe  M,  Edmiston  K,  Liu 
Q,  Baik  I,  Noller  KL.  Adami  HO,  Trichopoulos  D,  Hsieh  CC.  Correlation  of  umbilical  cord 
blood  haematopoietic  stem  and  progenitor  cell  levels  with  birth  weight:  implications  for  a 
prenatal  influence  on  cancer  risk.  Br  J  Cancer.  2008;98:660-3. 

QiuL,  Low  HP,  Chang  Cl,  Strohsnitter  WC,  Anderson  M,  Edmiston  K,  Adami  HO,  EkbomA, 
HallP,  Lagiou  P,  Trichopoulos  D,  Hsieh  CC.  Novel  measurements  of  mammary  stem  cells  in 
human  umbilical  cord  blood  as  prospective  predictors  of  breast  cancer  susceptibility  in  later  life. 
Ann  Oncol.  2011;  in  press. 


Task  6:  “ Monitoring ,  coordination  and  fine-tuning  of  the  five  component  projects” 


Timetable  of  accomplishments  of  task  6  as  outlined  in  the  Statement  of  Work. 

Task  6  To  monitor,  coordinate  and  fine-tune  the  five  component  projects: 

a.  Continuous  monitoring  and  coordination  of  the  research  activities  under  the  five 
component  projects.  (Months  1-60) 

b.  Compilation  of  annual  overall  project  reports  based  on  the  component  project-specific 
annual  reports,  (annually  throughout  the  duration  of  the  project)  (Months  1-60) 

c.  To  coordinate  the  preparation  and  submission  of  manuscripts  produced  (Months  37-60) 

Task  6  progress  report 

Monitoring  and  coordination  of  the  five  component  projects  has  presented  no  problems 
throughout  the  duration  of  the  project  (including  the  one  year  no  cost  extension  granted).  The 
key  investigators  have  a  long  history  of  successful  scientific  collaboration,  which  continued  in 
the  context  of  the  current  project. 

The  project  PI  (DT)  and  the  project  coordinator  (PL)  attended  the  2006  LINKS  meeting  and 
presented  the  outline  of  the  W81XWH-05-1-0314  Innovator  project. 

In  the  context  of  his  receiving  the  2007  Medal  of  Honour  by  the  International  Agency  for 
Research  on  Cancer,  WHO,  for  his  research  on  cancer,  the  project  PI  (DT)  was  invited  to  write  a 
perspective  on  early  life  events  and  conditions  and  breast  cancer  risk.  The  perspective  was  co¬ 
authored  by  the  PI  and  four  Innovator  key  researchers.  Support  by  the  W81XWH-05-1-03 14 
Innovator  Award  was  acknowledged.  (Trichopoulos  et  al,  2008  -  see  Appendix  3) 
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The  project  coordinator  (PL)  and  the  project  PI  (DT)  were  invited  to  write  an  editorial  on  a 
metaanalysis  confirming  the  association  of  birth  size  with  breast  cancer  risk  in  which 
acknowledgement  to  the  W81XWH-05-1-0314  Innovator  award  and  reference  to  the  role  of 
early  life  influences  on  breast  cancer  risk  was  made  (Lagiou  and  Trichopoulos,  2008  -  see 
Appendix  3). 

The  component  project  5  co-PI  (CCH)  attended  the  Era  of  Hope  2008  meeting  and  presented 
results  from  component  project  5. 

The  project  PI  (DT)  attended  the  2009  LINKS  meeting  and  presented  results  from  component 
projects  1,  2  and  4. 

The  project  PI  (DT)  attended  the  2010  and  2011  LINKS  meeting  and  presented  results  from  all  5 
component  projects. 

Four  papers  (Cancer  Epidemiol  Biomarkers  Prev.  2007;16:1720-3  ;  Cancer  Epidemiol 
Biomarkers  Prev.  2008;17:224-31  ;  Breast  Cancer  Res.  2010  Mar  9;12(2):R19  ;  Eur  J  Epidemiol. 
201 1;26:39-44)  addressing  issues  indirectly  relevant  to  the  W81XWH-05-1-0314  Innovator 
Award  have  been  published  with  acknowledgement  to  support  by  this  Award  (see  Appendix  4). 


Task  6  References 


Lagiou  P,  Trichopoulos  D.  Birth  size  and  the  pathogenesis  of  breast  cancer.  PLoS  Med. 
2008;5(9):el94. 

Trichopoulos  D,  Adami  HO,  Ekbom  A,  Hsieh  CC,  Lagiou  P.  Early  life  events  and  conditions  and 
breast  cancer  risk:  From  epidemiology  to  etiology.  Int  J  Cancer.  2008;122:481-485. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Postnatal  weight  loss  (an  indicator  of  water  loss,  likely  to  reflect  water  retention  associated 
with  pregnancy  hormones),  as  well  as  neonatal  weight  gain  rate  after  reaching  the  nadir 
(known  to  reflect  growth  hormone  levels),  are  significantly  positively  associated  with 
premenopausal  breast  cancer  risk.  (CPI) 

•  Birth  size  is  associated  with  postmenopausal  mammographic  density  measured  more  than 
five  decades  later.  These  results  support  the  hypothesis  that  adult  breast  density,  a  powerful 
correlate  of  breast  cancer  risk,  has  intrauterine  roots,  as  reflected  in  birth  size.  (CP2) 

•  There  is  suggestive  evidence  for  interaction  of  birth  weight  with  genetic  predisposition  in 
relation  to  breast  cancer  risk,  particularly  with  respect  to  SNP  rs2981582.  (CP3) 
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•  Cord  blood  levels  of  IGF- 1  are  substantially  higher  among  Caucasian  babies  born  in  Boston 
compared  to  Chinese  in  Shanghai.  The  documentation  of  higher  cord  blood  levels  of  IGF- 1  - 
a  principal  growth  hormone  which  does  not  cross  the  placenta  -  among  Caucasian  compared 
to  Asian  newborns  is  concordant  with  breast  cancer  incidence  in  these  populations.  (CP4) 

•  Cord  blood  levels  of  IGF-2  are  substantially  higher  among  Chinese  babies  born  in  Shanghai 
compared  to  Caucasian  babies  born  in  Boston.  (CP4) 

•  IGF-1  is  significantly  positively  associated  with  birth  weight  and  birth  length  in  Boston,  but 
not  Shanghai.  Positive,  though  statistically  non-significant,  associations  of  IGF-2  with  birth 
size  are  only  evident  in  Shanghai.  (CP4) 

•  For  cord  blood  IGF-1  in  Boston  and  for  cord  blood  IGF-2  in  Shanghai,  the  associations  with 
birth  weight  and  birth  length  are  positive  and  significant  among  taller  women  (among  whom 
maternal  anthropometry  is  likely  to  impose  fewer  constrains)  but  essentially  null  among 
shorter  women.  (CP4) 

•  Levels  of  SHBG  are  sharply  higher  in  the  cord  blood  of  women  in  Shanghai  (by  104.64%), 
raising  the  possibility  that  these  high  levels  in  Chinese  women  may  reduce  the  bioavailability 
of  active  endogenous  estrogens  and  testosterone  in  the  fetus.  (CP4) 

•  Among  term  newborns  with  a  normal-to-high  birth  weight,  birth  weight  was  found  to  be 
significantly  positively  associated  with  hematopoietic  stem  cell  measurements,  supporting  a 
role  of  stem  cell  pool  on  cancer  risk.  (CP5) 

•  Genes  of  putative  breast  stem  cell  markers,  such  as  EpCAM,  CD49f  (a-6  integrin),  CD24 
and  CD29  (P-1  integrin)  have  been  detected  in  umbilical  cord  blood-derived  mononuclear 
cells  (MNC)  by  RT-PCR.  (CP5) 

•  Protein  expressions  of  EpCAM+CD49f+,  CD49ff CD24+  and  CD24+CD29+  can  be  detected  by 
immuno-staining  and  co-localizations  are  demonsVated  by  confocal  microscopy  of  umbilical 
cord  blood'derived  MNC.  (CP5) 

•  Subpopulations  with  markers  for  hematopoietic  stem  cells  (CD34+  and  CD34+CD38‘)  and 
putative  breast  stem  cells  (EpCAMCD49f^,  EpCAM+CD49ff CD1 17+,  CD491^ CD24+, 
CD24+CD29+,  and  CD24+CD29+CD49f+)  can  be  detected  by  flow  cytometric  analysis  of 
umbilical  cord  blood-derived  MNC.  To  our  knowledge,  this  is  the  first  report  of  measurable 
breast  stem  cells  in  human  umbilical  cord  blood.  (CP5) 

•  Levels  of  these  breast  stem  cells  correlate  positively  and  significantly  with  those  of 
hematopoietic  stem  cells.  (CP5) 
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REPORTABLE  OUTCOMES 


•  A  manuscript  on  the  association  of  postnatal  growth  with  breast  cancer  risk  has  been 
published  (Lagiou  et  al,  2008  -  see  Appendix  2).  (CPI) 

•  A  manuscript  on  the  association  of  birth  size  with  postmenopausal  mammographic  density 
has  been  published  (Tamimi  et  al,  2010a  -  see  Appendix  2).  (CP2) 

•  A  manuscript  on  the  interaction  of  birth  weight  with  higher  breast  cancer  risk  SNPs  in 
relation  to  breast  cancer  has  been  published  (Tamimi  et  al,  2010b  -  see  Appendix  2).  (CP3) 

•  A  manuscript  on  the  cord  blood  levels  of  IGF- 1  and  IGF-2  among  Caucasian  and  Asian 
women  and  their  association  with  birth  size  has  been  published  (Lagiou  et  al,  2009  -  see 
Appendix  2)  (CP4) 

•  A  manuscript  on  cord  blood  levels  of  SHBG  and  other  honnones  among  Caucasian 
compared  to  Asian  pregnancies,  in  the  context  of  the  sharp  ecological  contrast  in  breast 
cancer  incidence  in  these  populations,  has  been  published  (Lagiou  et  al,  2010  -  see  Appendix 
2). 

•  A  manuscript  on  the  association  of  stem  cell  measurements  with  birth  weight  has  been 
published  (Strohsnitter  et  al,  2008  -  see  Appendix  2).  (CP5) 

•  A  manuscript  on  the  identification  of  mammary  stem  cell  phenotypes  in  umbilical  cord  blood 
and  the  positive  correlation  of  hematopoietic  stem  cells  with  mammary  tissue  specific  stem 
cells  has  been  accepted  for  publication  by  the  Annals  of  Oncology  journal  (Qiu  et  al,  in  press 

-  see  Appendix  2) 

•  The  project  PI  (DT)  and  the  project  coordinator  (PL)  attended  the  2006  LINKS  meeting  and 
presented  the  outline  of  the  W81XWH-05-1-0314  Innovator  project.  (CP6) 

•  The  CP5  5  co-PI  (CCH)  attended  the  Era  of  Hope  2008  meeting  and  presented  results  on  the 
association  of  birth  weight  with  stem  cell  measurements.  (CP6) 

•  The  project  PI  (DT)  attended  the  2009  LINKS  meeting  and  presented  results  from 
component  projects  1,  2  and  4.  (CP6) 

•  The  project  PI  (DT)  attended  the  2010  and  2011  LINKS  meeting  and  presented  results  from 
all  5  component  projects.  (CP6) 

•  The  project  PI  (DT)  was  invited  to  write  a  perspective  on  early  life  events  and  conditions  and 
breast  cancer  risk.  The  perspective  was  co-authored  by  the  PI  and  four  Innovator  key 
researchers.  Support  by  the  W81XWH-05-1-0314  Innovator  Award  was  acknowledged.  (CP6 

-  see  Appendix  3) 
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•  The  project  coordinator  (PL)  and  the  project  PI  (DT)  were  invited  to  write  an  editorial  on  a 
metaanalysis  confirming  the  association  of  birth  size  with  breast  cancer  risk  in  which 
acknowledgement  to  the  W81XWH-05-1-0314  Innovator  award  and  reference  to  the  role  of 
early  life  influences  on  breast  cancer  risk  was  made.  (CP6-  see  Appendix  3) 

•  Four  manuscripts  addressing  issues  indirectly  relevant  to  the  W8 1XWH-05-1-03 14  Innovator 
Award  have  been  published  with  acknowledgement  to  support  by  this  Award,  (see  Appendix 
4) 

CONCLUSIONS 

The  hypothesis  that  breast  cancer  has  intrauterine  roots  was  elaborated  in  1 990  (Lancet 
1990;335:939-940).  Soon  afterwards,  it  was  argued  that  birth  size  and  pregnancy  toxemia  may 
allow  empirical  testing  of  the  hypothesis  (Lancet  1992;  340:1015-1018).  Independently  of  this 
Innovator  project,  but  relying  on  this  hypothesis,  a  major  metaanalysis  documented  that  higher 
birth  size  is  associated  with  higher  breast  cancer  risk  (PLoS  Med  2008;  5:  el 93)  and  results  from 
a  unique  cohort  of  women  exposed  in  utero  to  a  synthetic  estrogen,  diethylstilbestrol,  indicated 
that  this  exposure  increased  the  women’s  risk  for  breast  cancer  decades  later  (Cancer  Epidemiol 
Biomarkers  Prev.  2006;15:1509-14). 

In  the  context  of  this  Innovator  project,  several  important  findings  were  generated  from  all  five 
component  projects  (CPs).  We  found  that  not  only  higher  birth  weight,  but  also  higher  velocity 
of  immediate  postnatal  growth  is  a  predictor  of  increased  breast  cancer  risk,  notably  among 
premenopausal  women  (CPI  -  Lagiou  et  al.  Br  J  Cancer.  2008;99:1544-8  -  see  Appendix  2).  We 
also  found  that  the  positive  association  of  birth  weight  with  breast  cancer  risk  several  decades 
later  is  mediated,  at  least  in  part,  through  higher  mammographic  density  (CP2  -  Tamimi  et  al.  Int 
J  Cancer.  2010;126:985-91  -  see  Appendix  2).  We  further  found  suggestive,  but  intriguing, 
evidence  that  genetic  predisposition  for  breast  cancer,  particularly  with  respect  to  SNP 
rs2981582,  may  disproportionally  increase  breast  cancer  risk  among  women  of  higher  birth 
weight  (CP3  -  Tamimi  et  al.  Cancer  Causes  Control.  2010;21:689-96  -  see  Appendix  2). 

In  the  context  of  CP4,  we  found  evidence  that  the  sharp  ecological  contrast  in  breast  cancer 
incidence  between  Caucasian  women  in  the  west  and  Chinese  women  in  Asia  may  be  due  to  the 
much  higher  levels  of  umbilical  cord  levels  of  sex  hormone  binding  globulin  (SHBG)  among 
Chinese  compared  to  Caucasian  (CP4  -  Lagiou  et  al.  Ann  Oncol.  2010  Oct  13.  [Epub  ahead  of 
print]  -  see  Appendix  2),  and  /  or  the  fact  that  umbilical  cord  levels  of  IGF-1  are  higher  and 
dominate  fetal  growth  among  Caucasian,  whereas  umbilical  cord  levels  of  IGF-2  are  higher  and 
dominate  fetal  growth  among  Chinese  women  (CP4  -  Lagiou  et  al.  Br  J  Cancer.  2009;  100: 1794- 
8  -  see  Appendix  2).  The  differential  actions  of  IGF-1  and  IGF-2  in  embryonic  life  could  be 
accounted  for  by  the  fact  that  both  IGFs  are  known  to  bind  to  the  signaling  IGF-1  receptor, 
whereas  IGF-2  also  binds  to  the  non-signaling  IGF-2  receptor.  Importantly,  the  positive 
associations  of  IGF-1  with  birth  size  among  Caucasian  women  and  of  IGF-2  with  birth  size 
among  Chinese  women  are  almost  exclusively  evident  among  women  whose  higher  stature  does 
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not  impose  physical  constrains  to  fetal  growth  (CP4  -  Lagiou  et  al.  Br  J  Cancer.  2009;100:1794- 
8  -  see  Appendix  2). 

The  difference  in  birth  size  between  Caucasian  and  Asian  newborn  can  account  for  only  a  small 
fraction  of  the  ecological  contrast  in  breast  cancer  incidence  between  the  two  populations. 
However,  the  fact  that  endocrine  perinatal  influences  on  birth  size  are  evident  almost  exclusively 
among  newborn  of  taller  women  allows  an  explanation  for  the  sharp  contrast  in  breast  cancer 
incidence  between  Caucasian  and  Asian  women  and  the  gradual  assimilation  of  breast  cancer 
incidence  among  Chinese  migrants  to  the  west.  Birth  size  is  positively  associated  with  adult 
height  and,  over  successive  generations,  improved  nutrition,  leading  to  increased  adult  body  size, 
might  reduce  constraints  on  fetal  growth  and  birth  size,  which  in  turn  affects  adult  height.  The 
cycle  tends  to  repeat  itself,  notably  over  consecutive  generations  of  Asians  migrating  to  the  west, 
and  is  associated  with  a  gradual  increase  of  breast  cancer  incidence  among  them  (Overall 
Innovator  project  -  Lagiou  and  Trichopoulos.  PLoS  Med.  2008;5(9):e  1 94  -  see  Appendix  3). 

In  the  context  of  CP5,  birth  weight  was  found  to  be  significantly  positively  associated  with 
hematopoietic  stem  cell  measurements  among  tenn  newborns,  supporting  a  role  of  stem  cell  pool 
on  cancer  risk  (CP5  -  Strohsnitter  et  al.  Br  J  Cancer.  2008;98:660-3  -  see  Appendix  2).  We  then 
analyzed  mononuclear  cells  derived  from  human  umbilical  cord  blood  for  gene  expressions  of 
markers  reported  for  putative  breast  epithelial  stem  cells  and  progenitors  and  quantified  such  cell 
populations  by  flow  cytometry  (CP5  -  Qiu  et  al.  Ann  Oncol.  201 1;  in  press  -  see  Appendix  2). 
Thus,  we  were  able  to  document  the  existence  of  putative  breast  stem/progenitor  cell  phenotypes 
in  umbilical  cord  blood  -  to  our  knowledge,  this  is  the  first  report  of  measurable  breast  stem  cells 
in  human  umbilical  cord  blood. 

We  also  found  that  umbilical  cord  blood  concentrations  of  certain  breast  stem/progenitor  cell 
phenotypes  correlate  positively  with  those  of  hematopoietic  stem  cells  (CP5  -  Qiu  et  al.  Ann 
Oncol.  201 1;  in  press  -  see  Appendix  2).  The  studies  in  the  context  of  CP5  provide  a  unique 
insight  in  the  biological  processes  underlying  the  early  life  roots  of  breast  cancer,  and  indicate 
that  the  size  of  the  mammary  tissue  specific  stem  cell  pool  and  the  intrauterine  factors  that  affect 
it  may  detennine  breast  cancer  risk  in  adult  life. 

So  what? 

Etiological  research,  a  prerequisite  for  the  primary  prevention  of  breast  cancer,  has  so  far 
concentrated  in  adult  life  and  the  results  leave  much  to  be  desired.  Evidence  generated  in  the 
context  of  the  present  Innovator  project  indicates  that  important  causal  factors  could  be  operating 
much  earlier,  as  early  as  in  utero.  More  importantly,  our  results  point  to  specific  biological 
processes  that  appear  to  underlie  the  early  life  roots  of  breast  cancer. 

On  the  basis  of  results  generated  and  insights  gained  in  the  context  of  the  W81XWH-05-1-0314 
Innovator  project,  new  avenues  for  research  can  be  envisaged.  It  would  be  important  to  examine 
whether  the  balance  of  IGF-1  and  IGF-2  in  the  cord  blood  underlies  the  lower  breast  cancer  risk 
of  women  born  after  pregnancy  toxemia,  in  comparison  to  women  bom  after  a  normal 
pregnancy.  It  would  also  be  important  to  examine  whether  cord  blood  IGF-2  is  less  closely 
linked  to  the  size  of  the  embryonic  stem  cell  pool  compared  to  cord  blood  IGF-1,  since  the  size 
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of  this  pool  is  associated  with  birth  weight,  which  in  turn  is  associated  with  mammographic 
density,  a  strong  predictor  of  breast  cancer  risk. 

With  a  view  to  identify  possible  preventive  interventions,  future  studies  could  focus  on  factors 
that  may  affect  cord  blood  levels  of  SHBG,  IGF-1  and  IGF -2,  including  maternal  diet  and  other 
maternal  characteristics  or  lifestyle  habits.  They  could  also  investigate  whether  cord  blood  IGF-1 
and  IGF-2  levels  are  associated  with  epigenetic  processes,  that  is,  biochemical  changes  in  the 
genes  which  are  heritable  but  reversible,  in  the  umbilical  cord  blood  stem  cell  populations  to 
further  elucidate  mechanisms  of  a  woman’s  susceptibility  to  future  risk  of  breast  cancer. 

It  may  not  be  realistic  to  expect  eradication  of  breast  cancer  in  the  foreseeable  future.  We  know, 
however,  that  Caucasian  women  in  the  west  have  4  times  higher  the  breast  cancer  risk  of  Chinese 
women  in  Asia.  Adult  life  risk  factors  between  the  two  populations  cannot  explain  but  a  fraction 
of  this  striking  difference.  Moreover,  this  difference  in  incidence  cannot  be  accounted  for  by 
genetic  factors,  since  breast  cancer  risk  among  Chinese  migrants  to  the  US  rises  over  several 
generations  and  approaches  that  among  US  Caucasian.  This  is  not  to  say  that  genetic  factors  are 
not  important  in  breast  cancer  occurrence  -  indeed,  we  know  that  they  are.  However,  the 
differences  in  the  prevalence  of  the  responsible  genes  between  Caucasian  and  Chinese  are  too 
small  to  account  for  anything  but  a  very  small  fraction  of  this  striking  difference.  Thus,  we 
believe  that  a  reduction  of  breast  cancer  incidence  in  the  western  world  by  up  to  50%  and  among 
contemporary  Chinese  by  up  to  20%  over  the  next  few  generations  would  be  achievable  if  we 
understood  the  perinatal  factors  responsible  for  the  difference  in  breast  cancer  incidence  between 
Chinese  in  Asia  and  Caucasian  in  the  west.  The  focus  on  perinatal  factors  is  justified  by  the  fact 
that,  among  first  generation  Chinese  migrants  to  the  US,  the  incidence  of  breast  cancer  changes 
little,  which  confirms  that  genes  and  adult  life  breast  cancer  risk  factors  play  secondary  roles  in 
the  ecological  contrast  between  the  two  populations. 
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P  Lagiou1’2’3,  C-C  Hsieh1’3’4,  D  Trichopoulos*’1’3,  H-O  Adami1,3,  P  Hall3,  L  Chie5  and  A  Ekbom6 

1 Department  of  Epidemiology,  Harvard  School  of  Public  Health,  677  Huntington  Avenue,  Boston,  MA  02115,  USA;  2D epartment  of  Hygiene, 
Epidemiology  and  Medical  Statistics,  School  of  Medicine,  University  of  Athens,  75  A/I  Asias  Street,  Athens  GR  I  15  27,  Greece;  3  Department  of  Medical 
Epidemiology  and  Biostatistics,  Box  281,  Karolinska  Institutet  Stockholm  SE  171  77,  Sweden;  4Division  of  Biostatistics  and  Epidemiology,  UMass  Cancer 
Center,  University  of  Massachusetts  Medical  School,  364  Plantation  Street,  LRB  427,  Worcester,  MA  01 605, USA;  5Department  of  Obstetrics  and 
Gynecology,  Beth  Israel  Deaconess  Medical  Center,  330  Brookline  Avenue,  Boston,  MA  022 1 5,  USA;  6Clinical  Epidemiology  Unit  Department  of 
Medicine,  Karolinska  Institutet,  Karolinska  University  Hospital,  Stockholm  SE  171  76,  Sweden 


Birth  size  of  a  woman  has  been  positively  associated  with  her  breast  cancer  risk,  particularly  before  menopause,  but  no  study  has 
investigated  neonatal  growth  in  relation  to  this  risk.  We  conducted  a  case  control  study  nested  within  a  population  based  cohort  of 
women,  born  in  Sweden  between  1 90 1  and  1961,  covering  all  405  breast  cancer  patients  and  1 08  I  age  and  hospital  matched 
controls,  who  were  born  after  newborn  charts  became  available.  Compared  to  neonates  who  lost  <200g  after  birth  and  grew  at  a 
rate  <25gday-1  after  reaching  postnatal  weight  nadir  (ie,  the  minimum,  before  starting  to  regain  weight),  those  who  either  lost 
^  200  g  after  birth  or  grew  ^  25  g  day- 1  after  nadir,  or  both,  were  at  an  approximately  50%  increased  breast  cancer  risk.  The  excess 
risk  was  striking  and  statistically  significant  among  women  below  50  years  of  age,  but  was  not  evident  among  older  women. 
Immediate  postnatal  weight  loss  (an  indicator  of  water  loss,  likely  to  reflect  water  retention  associated  with  pregnancy  hormones)  as 
well  as  neonatal  weight  gain  rate  after  the  nadir  (known  to  reflect  growth  hormone  levels)  was  significantly  positively  associated  with 
premenopausal  breast  cancer  risk. 

British  Journal  of  Cancer  advance  online  publication,  30  September  2008;  doi:  1 0. 1 038/sj.bjc.6604702  www.bjcancer.com 
©  2008  Cancer  Research  UK 
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There  is  much  evidence  that  birth  size  of  women  influences  their 
breast  cancer  risk  (Michels  and  Xue,  2006;  Park  et  al,  2008), 
particularly  before  menopause  (World  Cancer  Research  Fund/ 
American  Institute  for  Cancer  Research,  2007).  No  study,  however, 
has  investigated  neonatal  growth  in  relation  to  breast  cancer 
risk,  even  though  neonatal  growth  could  be  of  particular 
importance,  as  it  is  strongly  associated  with  neonatal  IGF  1  levels 
(Albertsson  Wikland  et  al,  1998;  Ogilvy  Stuart  et  al,  1998;  Hikino 
et  al,  2001;  Skalkidou  et  al,  2003).  IGF  1  levels,  which  could  track 
through  life,  have  been  associated  with  breast  cancer  risk, 
particularly  premenopausal  breast  cancer  risk  (Renehan  et  al, 
2004;  Fletcher  et  al,  2005;  Rinaldi  et  al,  2006). 

Evaluating  neonatal  growth  is  complicated  because  weight 
declines  during  the  first  few  days  after  birth,  mostly  because  of 
water  loss,  before  starting  to  increase  (Macdonald  et  al,  2003).  The 
decline  is  likely  to  reflect  the  extent  of  water  retention  by  the 
newborn  at  the  time  of  delivery,  under  the  influence  of  pregnancy 
hormones,  including  oestrogens  (Stachenfeld  and  Keefe,  2002; 
Gomella  et  al,  2004;  Stachenfeld  and  Taylor,  2004).  The  rate  of 
weight  gain  after  the  nadir  is  influenced  by  growth  factors, 
notably  the  IGF  system  and  its  determinants  (Albertsson  Wikland 
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et  al,  1998;  Ogilvy  Stuart  et  al,  1998;  Hikino  et  al,  2001;  Skalkidou 
et  al  2003). 

We  have  investigated  neonatal  growth  in  relation  to  breast 
cancer  in  adult  life  by  a  case  control  study  nested  within  a 
population  based  cohort  of  Swedish  women. 


MATERIALS  AND  METHODS 
Participants 

In  Sweden,  all  residents  have  equal  access  to  the  governmental 
health  care  system,  and  because  there  is  essentially  no  private 
in  patient  treatment,  hospital  services  are  population  based. 
Moreover,  since  1  January  1947,  all  residents  are  assigned  an 
individually  unique  nine  digit  national  registration  number, 
which  contains  information  on  the  date  of  birth  and  the  county 
in  which  the  individual  resided  in  1947  or  the  county  of  birth  for 
those  born  in  1947  or  later.  This  number  allows  linkage  with 
several  Swedish  registries,  including  the  Swedish  National  Cancer 
Registry  (Lunde  et  al,  1980). 

In  the  mid  1990s,  we  studied  the  intrauterine  environment  in 
relation  to  breast  cancer  risk  in  the  offspring  using  information 
from  a  cohort  of  women  who  had  been  born  in  one  of  the  five 
participating  hospitals  in  the  Uppsala  Orebro  Health  Care  Region 
from  1874  through  1961  and  who  had  survived  at  least  until 
1  January  1958,  when  the  Swedish  National  Cancer  Registry  was 
established  (Ekbom  et  al,  1997).  In  that  study,  a  total  of  1068  cases 
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were  diagnosed  until  1994  and  2727  controls  were  included 
(Ekbom  et  al,  1997). 

For  this  study,  we  retrieved  newborn  charts  with  information  on 
postnatal  growth  of  neonates  until  their  discharge.  The  maternity 
wards  in  the  five  hospitals  started  to  use  newborn  charts  at 
different  calendar  periods,  and  so  newborn  charts  were  available 
for  406  of  the  1068  eligible  case  patients  and  for  1083  of  the  2727 
eligible  controls,  all  born  from  1901  onwards.  Because  extreme 
prematurity  has  been  associated  with  breast  cancer  risk  (Ekbom 
et  al,  2000),  we  excluded  babies  born  before  32  weeks  of  gestation 
(one  case  and  two  controls),  leaving  405  cases  and  1081  controls. 
Of  the  former,  90  were  below  the  age  of  40  years,  168  were  aged 
40  49  years,  119  were  aged  50  59  years,  whereas  28  were  aged 
60  68  years.  The  corresponding  numbers  among  controls  were 
245,  485,  290,  and  61  women.  In  our  sample,  older  women  are 
underrepresented  among  cases  because  the  National  Cancer 
Registry  began  in  1958,  when  many  older  women  belonged  to 
cohorts  born  before  the  linked  neonatal  records  became  available. 
The  ratio  of  controls  to  cases  is  lower  among  women  50  years  of 
age  or  above  at  breast  cancer  diagnosis.  Thus,  among  women 
below  the  age  of  50  years,  the  control  to  case  ratio  is  2.8  (730/258), 
whereas  among  older  women  it  is  2.4  (351/147).  This  is  because  in 
the  earlier  years,  when  older  women  were  born,  the  likelihood  of 
recording  weight  changes  of  newborns  was  much  lower  (when  an 
index  case  was  removed  because  of  missing  records,  the 
corresponding  controls  were  also  removed,  whereas  if  one  or 
two  controls  had  missing  records,  the  remaining  control(s)  would 
suffice  for  retaining  the  corresponding  case  in  the  analysis). 

At  the  birth  of  our  subjects,  breastfeeding  predominated  for 
newborns  and  the  mother  and  child  were  usually  discharged  when 
the  baby  reached  its  birth  weight.  Generally,  newborns  lose  weight 
during  the  first  week  and  then  gain  weight  (Macdonald  et  al,  2003). 
To  examine  whether  these  two  different  phases  of  postnatal  pattern 
of  growth  were  associated  with  subsequent  risk  of  breast  cancer, 
we  determined  maximum  postnatal  weight  loss  (defined  as  (birth 
weight)  (the  lowest  weight  in  the  hospital))  and  the  rate  of  growth 
since  the  nadir  (defined  as  (weight  at  discharge  weight  at  nadir)/ 
(day  at  discharge  day  at  nadir)). 

On  the  basis  of  the  literature  (Macdonald  et  al,  2003)  we  have 
created  the  following  five  mutually  exclusive  categories:  (a) 
neonates  who  remained  at  the  maternity  wards  for  more  than  21 
days  without  regaining  their  birth  weight  these  neonates  were 
analysed  separately  because  their  weight  loss  and  gain  were 
unusual;  (b)  neonates  with  a  maximum  weight  loss  of  <  200  g  and 
growth  rate  after  nadir  <25  g  day-1;  (c)  neonates  with  a  maximum 
weight  loss  of  15:200  g  and  growth  rate  after  nadir  <25  g  day-1;  (d) 
neonates  with  a  maximum  weight  loss  of  <  200  g  and  growth  rate 
after  nadir  1^25gday-1  and  (e)  neonates  with  a  maximum 
postnatal  weight  loss  of  13: 200  g  and  growth  rate  after  nadir 
l3:25gday-1.  All  neonates  in  categories  b  e  remained  at  the 
maternity  wards  for  a  maximum  of  21  days.  The  weight  loss  cutoff 
of  200  g  was  a  round  figure  derived  from  the  6.6%  reported  to  be 
the  median  percent  of  birth  weight  loss  for  breastfed  children 
(Macdonald  et  al,  2003),  and  so  with  birth  weight  around  3000  g, 
we  have  3000  g*0.066~  200  g.  The  cutoff  for  the  daily  rate  of 
growth  after  nadir  was  rounded  at  25  g  day-1,  as  the  reported 
median  time  for  birth  weight  recovery  among  breastfed  children  is 
8.3  days  (Macdonald  et  al,  2003),  so  that  200  g  divided  by  8.3  days 
equals  approximately  25  g  day-1. 

Statistical  analyses 

The  statistical  analyses  were  undertaken  by  modelling  the  data 
through  conditional  logistic  regression  using  PROC  PHREG  of  the 
SAS  statistical  software  (version  9,  SAS  Institute,  Cary,  NC,  USA). 
Covariates  adjusted  in  the  analysis  included  maternal  age  (in  years 
as  a  continuous  variable),  maternal  socioeconomic  status 
(low,  medium,  and  high  as  an  ordinal  variable),  maternal  parity 


(1,  2,  and  ^=3  as  categorical  indicator  variables),  pregnancy 
toxaemia  (yes/no),  neonatal  jaundice  (yes/no),  twin  membership 
(singleton,  monozygotic,  and  dizygotic  as  categorical  indicator 
variables),  and  birth  weight  (<2500,  2500  2999,  3000  3499, 
3500  3999,  and  ^4000g  as  categorical  indicator  variables). 

The  study  was  approved  by  the  Institutional  Review  Boards  of 
the  Karolinska  Institutet,  Sweden,  the  Harvard  School  of  Public 
Health,  USA,  and  the  US  Department  of  Defense. 

RESULTS 

Table  1  presents  the  maternal  and  perinatal  characteristics  of 
breast  cancer  patients  and  their  control  women  (matched  to  the 
cases  with  variable  matching  ratio).  As  reported  earlier  (Ekbom 
et  al,  1997),  neonatal  jaundice  is  more  common  among  cases, 
whereas  maternal  toxaemia  is  more  common  among  controls.  In 
this  data  set,  the  association  between  birth  size  and  breast  cancer 
risk  was  weak  and  statistically  non  significant  (Ekbom  et  al,  1997). 
Spearman’s  correlation  coefficients  of  birth  weight  with  maxi 
mum  weight  loss  and  daily  weight  gain  since  nadir  were  0.48 
(P<  0.0001)  and  0.02  (P  =  0.55),  respectively.  In  these  bivariate  and 
possibly  confounded  patterns,  neonatal  weight  loss  appears  more 
pronounced  among  cases  than  among  controls.  There  is  also  some 
evidence  that  weight  gain  after  nadir  is  more  pronounced  among 
breast  cancer  patients  below  the  age  of  50  years  compared  with 
controls. 

After  controlling  for  confounding  through  conditional  logistic 
regression,  we  found  no  evidence  that  neonates  who  did  not 
conform  to  the  usual  growth  pattern  are  at  different  breast  cancer 
risk  when  compared  with  the  reference  category  of  neonates  who 
lost  less  than  200  g  after  birth  and  grew  at  a  rate  less  than 
25  g  day-1  after  nadir  (Table  2).  In  contrast,  however,  neonates 
who  lost  ^  200  g  after  birth,  or  neonates  who  grew  at  a  rate  of 
^25gday-1  after  nadir,  or  neonates  with  both  of  these  growth 
pattern  characteristics  were  at  an  approximately  50%  increased 
risk  in  later  life  when  compared  with  the  reference  category.  The 
excess  risk  was  evident  and  statistically  significant  exclusively 
among  women  below  the  age  of  50  years,  who  were  presumably 
premenopausal  at  breast  cancer  diagnosis.  As,  in  our  data,  women 
were  designated  as  pre  or  postmenopausal  relying  only  on  their 
age,  we  have  evaluated  whether  there  is  an  interaction  between  age 
and  growth  pattern  with  respect  to  breast  cancer  risk,  and  the 
results  were  of  borderline  significance  (P~0.06). 

DISCUSSION 

In  our  case  control  study,  nested  within  a  well  defined  popula 
tion  based  cohort  of  Swedish  women,  we  have  found  evidence  that 
immediate  postnatal  weight  loss  of  the  newborn,  as  well  as  the 
neonate’s  weight  gain  rate  after  reaching  a  nadir  of  postnatal 
weight,  are  significantly  positively  associated  with  breast  cancer 
risk  among  women  below  the  age  of  50  years.  As  indicated  in  the 
Introduction,  in  the  light  of  the  literature,  we  considered  the 
immediate  postnatal  weight  loss  as  an  indicator  of  water  loss, 
probably  reflecting  water  retention  caused  by  pregnancy  hor 
mones,  and  the  postnadir  rate  of  growth  as  an  indicator  of  higher 
levels  of  growth  hormones,  particularly  IGF  1. 

We  interpret  our  findings  as  indicating  that  higher  levels  of 
pregnancy  hormones  and  growth  hormones  during  the  immediate 
postnatal  period,  particularly  IGF  1,  play  an  important  role  in 
premenopausal  breast  cancer  risk  several  decades  later. 

No  association  of  postnatal  growth  pattern  with  breast  cancer 
risk  was  evident  among  women  50  years  of  age  or  above,  and 
presumably  postmenopausal  who,  however,  were  relatively  few  in 
this  study  sample.  Besides  the  numbers,  it  is  also  possible  that  any 
effect  of  perinatal  factors  on  risk  is  gradually  diluted  as  additional 
adult  life  breast  cancer  risk  factors  are  introduced,  in  line  with  the 
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Table  I  Maternal  and  perinatal  characteristics  of  405  breast  cancer  cases  and  1081  matched  control  subjects 


All  women 


Women  <50  years  old 


Women  >50  years  old 


Cases 

Controls 

Cases 

Controls 

Cases 

Controls 

N  405 

N 

1081 

N 

258 

N 

730 

N 

147 

N 

351 

No  (%) 

No 

(%) 

No 

(%) 

No 

(%) 

No 

(%) 

No 

(%) 

Maternal  age  (years) 


<24 

125 

30.9 

385 

35.6 

77 

19.0 

257 

23.8 

48 

1  1.9 

128 

1  1.8 

25  34 

213 

52.6 

524 

48.5 

138 

34.1 

345 

31.9 

75 

18.5 

179 

16.6 

35+ 

67 

16.5 

172 

15.9 

43 

10.6 

28 

1  1.8 

24 

5.9 

44 

4.1 

Maternal  socioeconomic  status 

Low 

303 

74.8 

804 

74.4 

190 

46.9 

543 

50.2 

1  13 

27.9 

261 

24.1 

Medium 

91 

22.5 

199 

18.4 

61 

15.1 

32 

12.2 

30 

7.4 

67 

6.2 

High 

1 

2.7 

78 

7.2 

7 

1.7 

55 

5.1 

4 

1.0 

23 

2.1 

Maternal  parity 

170 

42.0 

499 

46.2 

1  10 

27.2 

343 

31.7 

60 

14.8 

156 

14.4 

2 

107 

26.4 

283 

26.2 

70 

17.3 

204 

18.9 

37 

9.1 

79 

7.3 

3+ 

128 

31.6 

299 

27.7 

78 

19.3 

83 

16.9 

50 

12.3 

1  16 

10.7 

Maternal  toxaemia 

No 

397 

98.0 

1036 

95.8 

251 

62.0 

703 

65.0 

46 

36.0 

333 

30.8 

Yes 

8 

2.0 

45 

4.2 

7 

1.7 

27 

2.5 

0.2 

18 

1.7 

Neonatal  jaundice 

No 

380 

93.8 

1045 

96.7 

248 

61.2 

716 

66.2 

32 

32.6 

329 

30.4 

Yes 

25 

6.2 

36 

3.3 

10 

2.5 

14 

1.3 

15 

3.7 

22 

2.0 

Twin  membership 


No 

398 

98.3 

1068 

98.8 

253 

62.5 

723 

66.9 

45 

35.8 

345 

31.9 

Yes 

7 

1.7 

13 

1.2 

5 

1.2 

7 

0.6 

2 

0.5 

6 

0.6 

Birth  weight  (g) 

<2500 

14 

3.5 

42 

3.9 

8 

2.0 

26 

2.4 

6 

1.5 

16 

1.5 

2500  2999 

57 

14.1 

157 

14.5 

36 

8.9 

108 

10.0 

21 

5.2 

49 

4.5 

3000  3499 

145 

35.8 

408 

37.7 

85 

21.0 

279 

25.8 

60 

14.8 

129 

1  1.9 

3500  3999 

143 

35.3 

338 

31.3 

101 

24.9 

224 

20.7 

42 

10.4 

1  14 

10.5 

^4000 

46 

1  1.4 

136 

12.6 

28 

6.9 

93 

vO 

CO 

18 

4.4 

43 

4.0 

Hospital  stay  ^  2  /  days 

No 

372 

91.9 

1018 

94.2 

244 

60.2 

692 

64.0 

28 

31.6 

326 

30.2 

Yes 

33 

8.1 

63 

5.8 

14 

3.5 

38 

3.5 

19 

4.7 

25 

2.3 

Maximum  weight  loss  (g)  after  delivery  (among  normal  discharge) 

<200 

73 

19.6 

247 

24.3 

48 

19.7 

162 

23.4 

25 

19.5 

85 

26.1 

>200 

299 

80.4 

771 

75.7 

196 

80.3 

530 

76.6 

03 

80.5 

241 

73.9 

Weight  gain  (gday  ')  after  reaching  nadir  (among  normal  discharge) 

<25 

183 

49.2 

512 

50.3 

19 

48.8 

371 

53.6 

64 

50.0 

141 

43.3 

>25 

189 

50.8 

506 

49.7 

125 

51.2 

321 

46.4 

64 

50.0 

185 

56.7 

Weight  change  after  delivery  (combining  previous  two  variables) 

<  200  g/  <  25  g  day 

33 

8.9 

131 

12.9 

19 

7.8 

96 

13.9 

14 

10.9 

35 

10.7 

>  200  g/  <  25  g  day  1 

150 

40.3 

381 

37.4 

100 

41.0 

275 

39.7 

50 

39.1 

106 

32.5 

<  200  g/  >  25  g  day  1 

40 

10.8 

1  16 

1.4 

29 

1  1.9 

66 

9.5 

8.6 

50 

15.3 

>  200  g/  >  25  g  day  1 

149 

40.1 

390 

38.3 

96 

39.3 

255 

36.8 

53 

41.4 

135 

41.4 

conclusion  of  a  major  review  that  birth  weight  is  positively 
associated  with  breast  cancer  risk  mostly  among  premenopausal 
women  (World  Cancer  Research  Fund/ American  Institute  for 
Cancer  Research,  2007).  Age  at  and  type  of  menopause  (natural  or 
induced)  are  important  postmenopausal  risk  factors,  and  pre  and 
postmenopausal  breast  cancer  are  frequently  treated  as  distinct 
entities  in  studies  focusing  on  their  hormonal  and  non  hormonal 
aetiology  (Hankinson  et  al,  2008). 


Our  study  makes  use  of  the  unusual  opportunities  available 
in  Sweden  for  linking  population  based  databases  and  registries. 
The  nested  case  control  study  design  retains  the  advantages 
of  a  cohort  study  in  terms  of  minimisation  of  information  and 
selection  bias.  Exclusions  were  simply  on  the  basis  of  the 
availability  of  linked  newborn  charts.  The  sample  contained  many 
more  women  below  the  age  of  50  years  (presumably  premeno 
pausal)  than  older  women  (presumably  postmenopausal),  and 
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T able  2  Conditional  logistic  regression  derived3  odds  ratios  (ORs)  and  95%  confidence  intervals  (CIs)  for  breast  cancer  in  relation  to  the  patterns  of 
postnatal  weight  change 


Women  <50  years  old  Women  >50  years  old 

All  women  (presumably  premenopausal)  (presumably  postmenopausal) 


OR 

95%  Cl 

P-value 

OR 

95%  Cl 

P-value 

OR 

95%  Cl 

P-value 

Maximum  weight  loss/ 
daily  weight  gain  since  nadir 
<  200  g/  <  25  g  day 
>  200  g/  <  25  g  day 

Reference 

1.53 

0.96  2.44 

0.08 

Reference 

1.81 

1.00  3.25 

0.048 

Reference 

0.95 

0.41  2.19 

0.90 

<  200  g/  >  25  g  day 

1.39 

0.78  2.45 

0.26 

2.33 

1.13  4.78 

0.02 

0.50 

0. 1 8  1 .39 

0.19 

>  200  g/  >  25  g  day 

1.57 

0.98  2.51 

0.06 

2.04 

1.12  3.74 

0.02 

0.91 

0.40  2.03 

0.81 

Irregulars  (hospitalised  for  >21  days) 

1.37 

0.64  2.90 

0.42 

1.09 

0.40  2.95 

0.87 

1.35 

0.39  4.67 

0.64 

Controlling  for  maternal  age,  maternal  socioeconomic  status,  maternal  parity,  pregnancy  toxaemia,  neonatal  jaundice,  twin  membership,  and  birth  weight 


so  there  should  be  more  confidence  in  the  associations  found 
among  the  former  than  on  their  absence  among  presumably 
postmenopausal  women.  In  the  base  of  the  study,  on  which  we 
relied,  birth  size  indicators  (birth  weight,  birth  length,  and 
placental  weight)  were  very  weakly  positively  related  to  risk, 
although  mutual  adjustment  of  these  indicators  tended  to  increase 
the  positive  trends  (Ekbom  et  al,  1997).  However,  when  a  true  but 
weak  association  is  investigated  in  many  studies,  some  are  bound 
to  generate  non  significant  or  even  null  results  (Michels  and  Xue, 
2006;  Park  et  al,  2008).  We  had  no  information  about  adult  life 
risk  factors  for  breast  cancer  (e.g.,  age  at  menarche),  but  even 
if  associations  of  such  factors  with  postnatal  growth  were  to 
be  found,  they  would  probably  have  been  placed  as  intermediates 
(which  should  not  be  controlled  for)  rather  than  as  confounders 
(which  should).  There  are,  of  course,  several  other  risk  factors 
(e.g.,  age  at  the  first  pregnancy,  parity,  hormone  replacement 
therapy,  and  so  on),  which  could  not  act  as  confounders,  as  they 
are  unlikely  to  be  related  to  postnatal  growth. 

It  has  been  postulated  that  the  likelihood  of  breast  cancer 
depends  on  the  number  of  mammary  stem  cells,  which  is 
determined  in  early,  including  intrauterine  life,  as  well  as  on  the 
early  postnatal  levels  of  growth  enhancing  mammotropic  hormones, 
which  affect  the  replication  rate  of  such  stem  cells  (Trichopoulos, 
1990;  Adami  et  al,  1995;  Trichopoulos  et  al,  2005,  2008).  Birth  size  is 
known  to  influence  breast  cancer  risk  (Michels  and  Xue,  2006;  Park 
et  al,  2008),  and  there  is  compelling  evidence  that  periadolescent 
growth  (Ahlgren  et  al,  2004)  and  adult  height  (Tretli  1989;  World 
Cancer  Research  Fund/American  Institute  for  Cancer  Research, 
2007)  are  also  associated  with  this  risk.  Using  haematopoietic  stem 
cells  as  probable  correlates  of  the  difficult  to  measure  mammary 
stem  cells,  the  size  of  their  pool  was  positively  associated  with  both 
umbilical  cord  growth  hormones  and  birth  weight  (Savarese  et  al, 
2007;  Strohsnitter  et  al,  2008).  No  earlier  investigation,  however,  has 
examined  postnatal  growth  in  relation  to  breast  cancer  risk,  even 
though  postnatal  growth  is  rapid  and  the  mammary  gland  is  far 
from  being  fully  differentiated  (Russo  and  Russo,  1987). 
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Replication  of  our  results  is  clearly  necessary.  The  examination 
of  the  possible  differential  association  of  neonatal  growth  with 
hormone  sensitive  and  hormone  insensitive  breast  cancer,  as 
reflected  for  instance  in  hormone  receptor  expression  (Duffy, 
2006;  Hankinson  et  al,  2008),  would  also  be  of  importance.  Such 
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The  findings  of  this  study  are  intriguing  and  the  apparent 
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Birth  weight  is  a  significant  predictor  of  breast  cancer  risk  in  adult  life  and  mammary  gland  mass  could  be  an  intermediate 
stage  in  this  long  process.  We  have  studied  the  association  of  birth  size  measurements  with  mammographic  density,  a 
marker  of  mammary  gland  mass.  For  a  population-based  sample  of  893  postmenopausal  women  without  previous  cancer  in 
Sweden,  we  retrieved  information  on  birth  size  from  birth  records  and  their  most  recent  mammography.  Film  mammograms  of 
the  medio-lateral  oblique  view  were  digitized  and  the  Cumulus  software  was  used  for  computer-assisted  semi-automated 
thresholding  of  mammographic  density.  Results  were  analyzed  using  generalized  linear  models  controlling  for  possible 
confounders.  Mean  percent  mammographic  density  increased  when  comparing  the  extreme  categories  of  birth  weight  (from 
15.6%  to  18.6%)  and  head  circumference  (from  15.5%  to  20.4%),  and  the  corresponding  linear  trends  were  statistically 
significant  (p  values  0.02  and  0.007,  respectively).  The  associations  were  particularly  strong  when  the  cutoff  for  high  versus 
low  mammographic  density  was  set  at  the  relatively  high  value  of  50%.  Compared  to  women  weighing  3001-3500  grams  at 
birth,  women  with  birth  weights  >4000g  were  at  almost  3-fold  risk  of  developing  high  mammographic  density  (odds  ratio: 

2.9,  95%  confidence  interval  1.1  to  7.9).  No  association  with  mammographic  density  was  evident  with  respect  to  birth  length 
which,  however,  is  known  to  be  less  accurately  measured.  These  results  indicate  that  adult  breast  density,  a  powerful 
predictor  of  breast  cancer  risk,  has  intrauterine  roots,  as  reflected  in  birth  size. 


Several  investigators  have  implicitly  postulated  that  perinatal 
factors  are  associated  with  breast  cancer  risk  in  the  offspring, 
but  the  hypothesis  that  endocrine  exposures  in  utero  may 
affect  breast  cancer  risk  several  decades  later  was  formally 
articulated  in  1990.1  More  than  30  studies  have  evaluated 
this  hypothesis,  most  of  them  focusing  on  birth  weight  as  an 
important  correlate  of  intrauterine  exposures.  Recent  metaa 
nalyses  have  concluded  that  birth  weight  is  a  significant  pre 
dictor  of  breast  cancer  risk  in  adult  life.2-4 
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The  mechanism(s),  however,  linking  intrauterine  endocrine 
exposures  and,  thus,  birth  weight  to  breast  cancer  risk  in  later 
life  are  not  apparent.  It  has  been  postulated  that  mammary 
gland  growth  and  eventually  mass  may  be  a  critical  manifesta 
tion  of  the  early  life  processes  that  modulate  risk  of  this  disease 
in  adult  life.5  An  important  test  of  the  validity  of  the  postu 
lated  chain  of  causation  linking  intrauterine  influences  to 
mammary  gland  mass  to  breast  cancer  risk  would  be  through 
evaluation  of  the  association  between  birth  size  and  mammary 
gland  mass  as  assessed  through  mammographic  density.  Ever 
since  Wolfe  published  his  first  report  of  an  association 
between  breast  density  and  breast  cancer  risk,6  studies  have 
confirmed  relative  risks  in  the  4  fold  range  when  comparing 
the  highest  to  the  lowest  mammographic  density  categories.7-9 

Few  studies  have  investigated  the  association  between 
aspects  of  birth  size  and  mammographic  patterns  and,  collec 
tively,  their  results  have  been  inconclusive.10-14  To  our 
knowledge,  however,  no  study  has  evaluated  this  association 
using  at  the  same  time,  birth  size  data  from  records  (as 
opposed  to  self  recall),  and  computer  assisted  mammographic 
density  thresholding  methods  (as  opposed  to  the  more  sub 
jective  categorical  classifications  of  mammographic  density). 

In  a  population  based  sample  of  postmenopausal  women 
in  Sweden,  we  have  studied  the  association  of  aspects  of  birth 
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size  as  retrieved  from  birth  records  with  mammographic  den 
sity  evaluated  through  mammography  using  the  Cumulus 
software  for  computer  assisted  thresholding. 

Material  and  Methods 

The  study  was  approved  by  the  Institutional  Review  Boards 
of  the  Karolinska  Insitutet,  Sweden,  the  Harvard  School  of 
Public  Health  and  the  Department  of  Defense,  USA. 

Study  population 

The  Cancer  and  Hormones  Replacement  in  Sweden 
(CAHRES)  study  is  a  nationwide,  population  based  case 
control  study  of  breast  cancer  among  women  50  to  74  years, 
born  in  Sweden  and  living  there  at  any  time  between  October 
1,  1993,  and  March  31,  1995. 15-17  The  current  study  was 
based  on  control  subjects  within  the  CAHRES  case  control 
study.  A  total  of  4,188  control  women  were  randomly 
selected  from  the  general  population  according  to  the 
expected  age  frequency  distribution  of  breast  cancer  cases  (in 
5  year  age  groups)  through  the  Total  Population  Register 
(currently  the  Tax  Authority),  which  also  provided  their  indi 
vidually  unique  national  registration  numbers  and  addresses. 
In  Sweden,  all  residents  are  assigned  an  individually  unique 
nine  digit  national  registration  number,  which  allows  linkage 
with  several  Swedish  registries.  Of  the  4,188  controls  selected, 
3,454  (82%)  agreed  to  participate  in  the  study.  Detailed  infer 
mation  on  reproductive  and  lifestyle  exposures,  including  use 
of  hormone  therapy  and  oral  contraceptives,  reproductive 
and  menstrual  histories,  family  history  of  breast  cancer,  his 
tory  of  benign  breast  disease,  mammography  examinations, 
self  reported  anthropometry,  occupation,  alcohol  consump 
tion,  and  cigarette  smoking,  were  obtained  through  a  mailed 
questionnaire. 

For  the  present  study,  we  excluded  controls  with  a  previ 
ous  cancer  (other  than  nonmelanoma  skin  cancer  and  cancer 
in  situ  of  the  cervix)  (n  =  91),  as  well  as  those  who  were  pre 
menopausal  ( n  =  152),  or  had  unknown  menopausal  status 
(n  =  100).  Thus,  there  were  3,111  postmenopausal  women 
eligible  for  this  study. 

Birth  characteristic  data 

We  attempted  to  identify  available  birth  records  for  all  3,111 
eligible  controls  in  the  CAHRES  study,  using  their  national 
registration  numbers.  We  were  unable  to  locate  the  mother’s 
name  in  the  birth  registry  for  121  (3.9%)  of  participants. 
Using  information  from  the  birth  registry,  research  assistants 
visited  120  hospital  and  medical  record  archives  to  locate  the 
original  birth  records  for  the  study  participants.  We  were 
unable  to  locate  birth  records  or  midwife  journals  with 
adequate  information  on  birth  characteristics  for  1243 
(41.6%)  of  the  participants  with  identified  mother’s  name. 
Because  this  study  included  births  occurring  between  1918 
and  1945  throughout  all  of  Sweden,  a  large  proportion  of 
births  at  this  time  would  have  occurred  at  home,  with  no 
recording  of  birth  characteristic  information.  Thus,  in  total 


there  were  1,747  (56.2%)  women  with  birth  characteristic 
information.  Using  a  detailed  form,  we  abstracted  perinatal 
characteristic  information  from  available  birth  records, 
including  birth  weight,  birth  length,  and  head  circumference. 
Additional  information  about  the  birth,  including  date  of 
birth  and  twin  status,  was  also  recorded. 

Mammographic  density  data 

We  attempted  to  collect  mammograms  from  all  participants. 
Using  the  national  registration  numbers,  we  obtained 
addresses  for  participants  from  1975  to  1995  through  the 
civil  registry.  During  2007  and  2008,  we  visited  all  mammog 
raphy  screening  units  and  radiology  departments  conducting 
screening  mammography  in  counties  in  which  participants 
lived  between  1975  and  1995.  We  obtained  film  mammo 
grams  for  2,042  women  who  were  chosen  as  controls  in  the 
original  CAHRES  study. 

For  participants  with  multiple  mammograms,  the  latest 
mammogram  was  selected.  The  median  year  of  mammogram 
was  1994  and  the  interquartile  range  was  1993  1995,  making 
it  unlikely  for  changes  in  technology  to  have  introduced  sub 
stantial  variability  in  the  assessment  of  the  outcome  under 
consideration.  Film  mammograms  of  the  medio  lateral 
oblique  view  of  a  randomly  selected  breast  side  were  digi 
tized  using  an  Array  2905HD  Laser  Film  Digitizer,  which 
covers  a  range  of  0  to  4.7  optical  density.  The  density  resolu 
tion  was  set  at  12  bit  spatial  resolution.  The  Cumulus  soft 
ware  used  for  the  computer  assisted  thresholding  was  devel 
oped  at  the  University  of  Toronto.18  For  each  image,  a 
trained  observer  (LE)  set  the  appropriate  gray  scale  threshold 
levels  defining  the  edge  of  the  breast  and  distinguishing 
dense  from  non  dense  tissue.  The  software  calculated  the 
total  number  of  pixels  within  the  entire  region  of  interest 
and  within  the  region  identified  as  dense.  These  values  were 
used  to  calculate  the  percentage  of  the  breast  area  that  is 
dense.  A  random  10%  of  the  images  were  included  as  repli 
cates  to  assess  the  intra  observer  reliability,  which  was  high 
with  a  Spearman  rank  correlation  coefficient  of  0.95.  Mam 
mographic  density  measurements  have  been  conducted  on 
1320  women,  for  918  of  whom  birth  characteristic  informa 
tion  is  also  available.  Because  twins  are  believed  to  have  dif 
ferent  in  utero  hormonal  exposures  compared  with  single 
tons,  we  excluded  8  women  who  were  twin  members.  In 
addition,  17  women,  who  did  not  have  complete  covariate 
information,  had  to  be  excluded.  Thus,  893  women  contrib 
uted  to  the  analysis. 

Statistical  analysis 

We  used  generalized  linear  models  adjusted  for  covariates  to 
determine  the  mean  percentage  mammographic  density  with 
out  transformation,  according  to  birth  size  categories.  To 
determine  whether  there  was  a  linear  trend  of  mean  percent 
breast  density  with  increasing  birth  size,  we  calculated  p  val 
ues  for  inclusion  of  birth  size  as  an  ordered  (per  category)  or 
continuous  (per  standard  deviation  SD)  variable  in  the 
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Table  1.  Characteristics  of  893  postmenopausal  Swedish  women 
without  breast  cancer  (recruited  as  controls  in  the  context  of  a 
population  based  case  control  study  on  breast  cancer) 

N=  893 

0/ 

/O 

Age  at  mammogram  (years) 

<55 

195 

21.8 

55  59 

200 

22.4 

60  64 

174 

19.5 

65+ 

324 

36.3 

Calendar  year  of  mammograms 

Before  1994 

244 

27.3 

1994 

302 

33.8 

1995 

345 

38.6 

1996+ 

2 

0.2 

Age  at  menarche  (years)* 

<12 

50 

6.2 

12 

127 

15.6 

13 

229 

28.2 

14 

220 

27.1 

15+ 

187 

23.0 

Age  at  menopause  (years)* 

<45 

80 

10.0 

45  49 

254 

31.7 

50  54 

377 

47.1 

55+ 

90 

11.2 

Oral  contraceptive  use* 

Ever 

403 

45.3 

Never 

486 

54.7 

Hormone  replacement  therapy  use* 

Ever 

339 

38.2 

Never 

548 

61.8 

Parity 

0 

92 

10.3 

1 

159 

17.8 

2 

340 

38.1 

3+ 

302 

33.8 

Height  (cm) 

<160 

178 

19.9 

160  <165 

301 

33.7 

165  <170 

273 

30.6 

170+ 

141 

15.8 

Body  mass  index  at  recruitment  (kg/m 

2) 

<20 

51 

5.7 

20  24.9 

389 

43.6 

25  29.9 

356 

39.9 

30.0+ 

97 

10.9 

Table  1.  (Continued). 


N=  893 

0/ 

70 

Parity 

0 

92 

10.3 

1 

159 

17.8 

2 

340 

38.1 

3+ 

302 

33.8 

Birth  weight  (g) 

<2500 

32 

3.6 

2501  <3000 

145 

16.2 

3001  <3500 

324 

36.3 

3501  <4000 

291 

32.6 

>4000 

101 

11.3 

Birth  length  (cm)* 

<50 

232 

26.9 

50 

204 

23.7 

51 

140 

16.2 

52 

130 

15.1 

53+ 

156 

18.1 

Head  circumference  (cm)* 

<34 

170 

23.3 

34  <35 

197 

27.0 

35  <36 

192 

26.3 

36+ 

170 

23.3 

*There  were  31  missing  values  for  birth  length,  164  for  head 
circumference,  80  for  age  at  menarche,  92  for  age  at  menopause,  4  for 
oral  contraceptive  use  and  6  for  use  of  hormone  replacement  therapy 
use. 


model.  We  included  in  the  multivariate  models,  as  possible 
confounders,  the  following  known  predictors  of  mammo 
graphic  density:  age  at  mammogram  (continuous),  body  mass 
index  (BMI)  (continuous),  parity  (none,  1,  2,  3+  births,  cate 
gorical),  and  age  at  menopause  (<45,  45  49,  50  54,  55+ 
years,  categorical).  Parity  and  age  at  menopause  have  been 
reported  to  be  associated  with  mammographic  density,  but 
there  is  little  information  as  to  whether  they  are  also  associ 
ated  with  birth  weight.  Nevertheless,  we  opted  for  a  conserva 
tive  approach  and  controlled  for  them  in  the  analyses.  Odds 
ratios  (OR)  and  95%  confidence  intervals  (Cl)  for  having 
high  versus  low  mammographic  density  also  were  determined 
using  multiple  logistic  regression.  In  this  postmenopausal 
population,  we  utilized  two  definitions  for  high  mammo 
graphic  density:  >25%  and  >50%  breast  density.  To  deter 
mine  whether  there  was  a  linear  trend  with  increasing  birth 
size,  we  calculated  p  values  from  Wald  statistics  including  a 
continuous  term  (per  SD)  in  the  model.  Data  analysis  was 
conducted  with  SAS  statistical  software  version  9.1  (SAS 
Institute,  Cary,  NC,  USA).  All  p  values  presented  are  from 
two  sided  tests  of  statistical  significance. 
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Table  2.  Mean  percent  mammographic  density  (MD)  according  to 
birth  size  characteristics 


N 

Mean 

MD  (%)* 

Mean 

MD  (%)+ 

Mean 

MD  (%)* 

Birth  weight  (g) 

<2500 

32 

14.9 

15.6 

15.6 

2501  <3000 

145 

13.8 

13.5 

13.6 

3001  <3500 

324 

15.6 

15.8 

15.8 

3501  <4000 

291 

18.1 

17.8 

17.7 

>4000 

101 

17.6 

18.3 

18.6 

P  trend** 

0.04 

0.02 

0.02 

Birth  length  (cm) 

<50 

232 

16.2 

16.3 

16.4 

50 

204 

16.3 

16.1 

16.2 

51 

140 

15.6 

15.6 

15.5 

52 

130 

18.3 

18.0 

18.1 

53+ 

156 

16.5 

16.7 

16.5 

P  trend** 

0.71 

0.83 

0.69 

Head  circumference  (cm) 

<34 

170 

15.8 

16.1 

15.5 

34  <35 

197 

16.6 

16.7 

16.9 

35  <36 

192 

16.3 

16.1 

16.2 

36+ 

170 

20.4 

20.2 

20.4 

P  trend**  0.04  0.03  0.007 


Table  3.  Mean  area  of  dense  tissue  and  lucent  tissue  according  to 
birth  size  characteristics 


N 

Mean  dense 
area  (cm2)* 

Mean  lucent 
area  (cm2)* 

Birth  weight  (g) 

<2500 

32 

16.3 

97.6 

2501  <3000 

145 

14.5 

104.4 

3001  <3500 

324 

16.8 

102.1 

3501  <4000 

291 

17.8 

95.4 

>4000 

101 

20.8 

99.5 

P  trend+ 

0.02 

0.15 

Birth  length  (cm) 

<50 

232 

16.7 

98.2 

50 

204 

17.1 

100.0 

51 

140 

16.3 

101.7 

52 

130 

18.9 

96.8 

53+ 

156 

17.4 

101.1 

P  trend+ 

0.74 

0.56 

Head  circumference  (cm) 

<34 

170 

15.9 

98.9 

34  <35 

197 

17.2 

99.1 

35  <36 

192 

17.2 

99.1 

36+ 

170 

21.0 

93.8 

P  trend+ 

0.01 

0.16 

*Adjusted  for  age  (continuous).  ^Adjusted  for  age  (continuous)  and 
body  mass  index  (continuous).  Adjusted  for  age  (continuous),  body 
mass  index  (continuous),  age  at  menopause  (<45,  45  49,  50  54, 

54+,  missing  categorical),  parity  (0,  1,  2,  3+,  categorical).  **P  for 
trend  based  on  per  standard  deviation  increase. 

Results 

Among  the  893  postmenopausal  women,  the  mean  age  at  the 
time  of  the  index  mammography  was  61.2  years,  with  a  SD 
of  6.8  years.  Median  percent  mammographic  density  was 
11.2  (interquartile  range:  4.6  23.3).  The  mean  birth  weight  of 
the  women  was  3452.6  (SD  =  506.4)  grams,  the  mean  birth 
length  50.6  (SD  =  2.6)  cm,  and  the  mean  head  circumference 
was  34.4  (SD  =  1.5)  cm.  Frequency  distributions  by  aspects 
of  birth  size  and  possible  confounding  variables  are  presented 
in  Table  1  and  serve  descriptive  purposes. 

Table  2  shows  mean  percent  mammographic  density 
according  to  categories  of  birth  size  characteristics.  The  mean 
values  are  adjusted  first  for  age  at  mammogram,  then  for  age 
at  mammogram  and  BMI,  and  then  for  age  at  mammogram, 
BMI,  age  at  menopause  and  parity.  Mean  percent  mammo 
graphic  density  was  significantly  positively  associated  with 
both  birth  weight  and  head  circumference.  In  the  full  models, 
p  values  for  trend  were  0.02  and  0.007,  respectively.  Thus, 
women  with  birth  weight  exceeding  4000  grams  had  a  mean 
percent  mammographic  density  of  18.6%,  while  those  with 
birth  weight  2500  grams  or  less  had  a  mean  percent  mam 
mographic  density  of  15.6%.  Moreover,  women  with  a  birth 


*Adjusted  for  age  (continuous),  body  mass  index  (continuous),  age  at 
menopause  (<45,  45  49,  50  54,  54+,  missing  categorical),  parity  (0, 
1,  2,  3+,  categorical).  *P  for  trend  based  on  per  standard  deviation 
increase. 


head  circumference  of  36  cm  or  more  had  a  mean  percent 
mammographic  density  of  20.4%,  while  those  with  a  circum 
ference  less  than  34  cm  had  a  mean  percent  mammographic 
density  of  15.5%.  Both  of  these  associations  were  driven  by 
the  positive  association  with  dense  area  on  the  mammogram 
( p  for  trend  0.02  for  birth  weight  and  0.01  for  head  circum 
ference),  as  there  was  no  association  with  non  dense  area  on 
the  mammogram  ( p  for  trend  0.15  for  birth  weight  and  0.16 
for  head  circumference)  in  multivariate  models  (Table  3). 
There  were  no  outliers  for  birth  weight.  There  were  8  indi 
viduals  with  a  head  circumference  3  times  the  interquartile 
range,  but  their  exclusion  did  not  materially  affect  the  results. 
We  found  no  association  between  birth  length  and  percent 
mammographic  density  (p  for  trend  0.69  for  percent  mam 
mographic  density,  0.74  for  dense  area  and  0.56  for  non 
dense  area  on  the  mammogram). 

To  further  explore  the  pattern  of  association  of  birth  size 
characteristics  with  mammographic  density,  we  have  calculated 
odds  ratios  for  high  versus  low  mammographic  density  in  rela 
tion  to  birth  size  characteristics,  using,  alternatively,  25%  and 
50%  (Table  4)  density  as  cutoffs,  and  controlling  for  potentially 
confounding  variables.  For  all  three  birth  size  characteristics. 
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Table  4.  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl)  for  high  versus  low  mammographic  density  in  relation  to  birth  size 
characteristics,  using  25%  and  50%  density  as  cutoff 


P  trend2  0.08  0.04 

’Adjusted  for  age  (continuous),  body  mass  index  (continuous),  age  at  menopause  (<45,  45  49,  50  54,  54+,  categorical),  parity  (0,  1,  2,  3+, 
categorical).  2P  for  trend  based  on  per  standard  deviation  increase. 

intermediate  categories  were  used  as  referents.  In  line  with  the 
results  shown  in  Table  2,  birth  weight  and  head  circumference 
were  positively  associated  with  mammographic  density.  How 
ever,  the  trends  were  monotonic  and  statistically  significant 
only  when  the  cutoff  was  set  at  50%,  indicating  that  the  associ 
ation  between  birth  size  and  mammographic  density  is  not  lin 
ear  and  is  particularly  evident  at  the  extreme.  Again,  in  line 
with  the  results  in  Table  2,  we  found  no  association  of  birth 
length  with  mammographic  density. 

There  was  an  age  difference  between  the  women  consid 
ered  to  have  high  mammographic  density  (>50%)  and 
women  with  lower  mammographic  density.  Women  with 
high  density  were  on  average  56.6  years  of  age  (interquartile 
range  51.6  61.0),  while  women  with  low  density  were  on  av 
erage  61.5  years  of  age  (interquartile  range  56.0  67.0).  In  all 
analyses,  age  was  adjusted  for,  but  there  was  not  sufficient 
power  in  our  study  to  examine  possible  interaction  between 
age  at  mammography  and  birth  size  in  relation  to  mammo 
graphic  density. 

We  have  also  explored  whether  the  association  between 
birth  size  and  mammographic  density  might  be  mediated 
through  measures  of  growth  and  development,  notably  age  at 
menarche  and  adult  height,  by  alternatively  and  simultane 
ously  including  these  variables  in  the  models.  Height  and,  to 
a  lesser  extent,  age  at  menarche  appear  to  mediate,  in  part, 


the  associations  of  both  birth  weight  and  head  circumference 
with  mammographic  density.  Thus,  the  significant  associa 
tions  of  mammographic  density  with  these  two  measures  of 
birth  size,  after  adjustment  for  age  alone  ( p  for  trend  0.04  in 
both  instances)  became  non  significant  after  controlling  for 
both  height  and  age  at  menarche  ( p  for  trend  0.24  for  birth 
weight  and  0.17  for  head  circumference).  Percent  mammo 
graphic  density  was  weakly  associated  with  both  height 
(Spearman  correlation  =  +0.09,  p  value  =  0.009)  and  age  at 
menarche  (Spearman  correlation  =  +0.04;  p  value  =  0.31). 

Discussion 

In  our  large  population  based  sample  of  postmenopausal 
Swedish  women,  birth  weight  and  head  circumference  were 
both  significantly  positively  associated  with  postmenopausal 
mammographic  density.  The  3  5%  difference  in  mammo 
graphic  density  comparing  the  extreme  categories  of  birth 
weight  or  head  circumference  is  not  trivial  and  is  indeed 
comparable  to  that  observed  between  women  with  and  with 
out  hormonal  treatment.19,20  Although  birth  length  was  not 
associated  with  mammographic  density,  this  could  reflect  the 
fact  that  birth  length  is  measured  less  reliably  than  birth 
weight  and  head  circumference.21,22  Moreover,  we  found  evi 
dence  that  part  of  the  association  between  birth  size  and 
mammographic  density  could  be  explained  by  the  association 
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of  birth  size  with  height  and,  to  a  lesser  extent,  with  age  at 
menarche. 

This  is  the  first  study  to  evaluate  birth  size  parameters 
retrieved  from  birth  records  in  relation  to  mammographic 
density  assessed  by  a  semi  automated  method.  Earlier  studies 
assessed  breast  density  using  a  more  subjective  categorical 
measure  of  breast  density  or  relied  on  self  reported  birth 
weight.  In  a  study  of  Swedish  women  («  =  370),  high  density 
categories  of  Wolfe’s  parenchymal  patterns  (i.e.,  P2/DY)  were 
non  significantly  positively  associated  with  birth  weight  and 
significantly  with  placental  weight.10  In  a  British  cohort  of 
1,298  perimenopausal  women,  McCormack  and  colleagues 
found  no  association  between  birth  weight  and  Wolfe’s 
parenchymal  patterns.11  The  Glasgow  Alumni  Cohort  study 
(n  =  628)  also  reported  no  association  between  self  reported 
birth  weight  and  a  radiologist  assessed  six  category  classifica 
tion  of  mammographic  density.13,14  In  contrast,  Cerhan  and 
colleagues  found  a  significant  positive  association  between 
self  reported  birth  weight  and  mammographic  density  among 
postmenopausal  women  using  the  same  computer  assisted 
measure  of  mammographic  density  as  in  our  study.12 

Inconsistencies  in  previous  studies  might  arise  due  to 
measurement  error  of  mammographic  density  and/or  birth 
characteristic  data.  Computer  assisted  thresholding  methods, 
which  are  less  subjective  than  categorical  classifications,  have 
been  demonstrated  to  be  better  predictors  of  breast  cancer 
risk.7,23  In  addition,  birth  data  from  records  were  significantly 
associated  with  breast  cancer  risk,  while  those  from  self  recall 
were  not  associated,  suggesting  that  there  is  significant  mea 
surement  error  in  self  reported  measures  of  birth 
characteristics.3 

Mammographic  density  is  one  of  the  strongest  known  risk 
factors  for  breast  cancer,  with  women  in  the  highest  category 
of  mammographic  density  being  at  a  four  to  sixfold 
increased  risk  of  breast  cancer  as  compared  with  women  in 
the  lowest  category.6,7,9  Although  the  biologic  mechanism 
underlying  this  risk  remains  unclear,  use  of  exogenous  hor 
mones  increases  mammographic  density24-30  whilst  tamoxi 
fen  (a  selective  estrogen  receptor  modulator  with  anti  estro 
genic  effects  in  the  breast  parenchyma)  reduces  breast 
density.19,31,32  Based  on  these  data,  it  has  been  hypothesized 
that  breast  density  represents  cumulative  exposure  to  estro 
gens.33  However,  studies  examining  endogenous  circulating 
levels  of  sex  steroids  and  mammographic  density  have  for 
the  most  part  found  no  association.18,20,34-37 

It  is  also  possible  that  mammographic  density  is  influ 
enced  in  part  by  exposures  early  in  life,  including  the  intrau 


terine  life.  It  has  been  shown  that  birth  weight  is  positively 
associated  with  the  size  of  the  cord  blood  stem  cell  pool,  a 
surrogate  for  overall  stem  cell  potential.38  Assessed  through 
mammographic  density,  mammary  gland  mass  is  likely  to  be 
correlated  with  the  number  of  mammary  stem  cells,39,40  gen 
erating  the  association  of  birth  weight  with  mammographic 
density. 

A  limitation  of  the  current  study  is  that  we  were  unable 
to  obtain  birth  characteristic  information  for  all  eligible  par 
ticipants.  This  is  due  to  the  fact  that  the  current  study  was 
population  based  and  covered  all  of  Sweden  in  the  early 
1900s,  when  many  births  still  look  place  at  home  and  these 
characteristics  were  not  recorded.  It  is  highly  unlikely,  how 
ever,  that  inability  to  obtain  birth  records  would  be  associ 
ated  with  adult  mammographic  density  and  that  selection 
bias  would  have  been  generated.  Another  shortcoming  of  our 
study  is  that,  although  all  women  were  postmenopausal  at 
enrolment,  the  index  mammography  for  a  few  of  them  might 
have  been  taken  prior  to  the  occurrence  of  menopause.  As 
with  any  observational  study,  there  is  also  the  potential  for 
confounding.  Body  mass  index  is  not  likely  to  be  an  interme 
diate  factor  in  the  association  between  birth  size  and  mam 
mographic  density,  as  it  is  strongly  affected  by  energy  intake 
in  adolescent  and  adult  life.  Since,  however,  body  mass  index 
is  a  strong  predictor  of  percent  mammographic  density,  it  is 
conceivable  that  it  could  exercise  confounding  influences  and 
for  this  reason  it  was  finely  controlled  for  in  the  analyses. 
With  height  and  weight  being  self  reported,  it  is  possible  that 
measurement  error  in  these  variables  could  lead  to  residual 
confounding,  even  after  adjustment  for  body  mass  index.  An 
advantage  of  our  study  is  its  reliance  on  birth  records,  the  in 
formation  from  which  is  more  reliable  than  that  from  paren 
tal  or  self  recall.  Birth  records  were  filled  routinely  and  not 
in  the  context  of  a  research  protocol  and,  therefore,  differen 
tial  misclassification  with  respect  to  mammographic  density 
is  all  but  impossible.  Non  differential  misclassification  is 
unavoidable,  but  could  only  attenuate  the  reported  associa 
tions.  Another  advantage  is  measurement  of  mammographic 
density  through  a  semi  automated  method,  as  opposed  to 
earlier  more  subjective  categorical  assessments. 

In  conclusion,  our  results  support  the  hypothesis  that 
adult  breast  density,  a  powerful  correlate  of  breast  cancer 
risk,  has  intrauterine  roots,  as  reflected  in  birth  size.  The 
results  indirectly  provide  further  support  to  the  general 
hypothesis  that  breast  cancer  risk  in  adulthood  is  pro 
grammed  already  in  utero  and  then  modified  by  a  multitude 
of  factors  later  in  life. 
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Abstract 

Background  There  is  considerable  evidence  that  birth 
weight  is  positively  associated  with  breast  cancer  risk,  and 
seven  single-nucleotide  polymorphisms  (SNPs)  have  been 
conclusively  associated  with  this  risk.  We  have  hypothe¬ 
sized  that  breast  cancer  susceptibility  loci  may  have  a 
greater  influence  on  breast  cancer  risk  among  women  with 
higher  birth  weight,  who  are  expected  to  have  a  larger  pool 
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of  mammary  stem  cells  that  are  susceptible  to  malignant 
transformation. 

Patients  and  methods  In  the  context  of  a  nationwide, 
population-based  case  control  study  in  Sweden,  we 
retrieved  recorded  birth  weight  for  693  breast  cancer  cases 
and  747  control  women  who  were  also  geno typed  for  most 
or  all  of  the  seven  recently  documented  breast  cancer 
susceptibility  SNPs:  rs2981582,  rsl2443621,  rs8051542, 
rs3803662,  rs889312,  rsl3281615,  and  rs3817198. 

Results  We  grouped  heterozygotes  with  homozygotes  for 
the  wild-type  allele,  and  we  found  a  marginally  significant 
interaction  (p~  0.07)  between  birth  weight  and  rs2981582 
(FGFR2),  the  genotype  repeatedly  identified  as  the  top  hit 
in  genome- wide  association  studies.  There  were  similar, 
though  not  significant,  patterns  for  the  other  six  SNPs. 
Conclusions  Although  our  findings  require  confirmation, 
we  found  suggestive  evidence  that  genetic  susceptibility 
modifies  the  positive  association  of  birth  weight  with  breast 
cancer. 

Keywords  Allele  •  Birth  weight  ■  Breast  cancer  • 

Gene  •  Genotype  •  Polymorphism 

Introduction 

Family  history  of  breast  cancer  is  an  established  risk  factor 
for  breast  cancer  [1].  Twin  studies  indicate  that  inherited 
genetic  influences  account  for  approximately  27%  of  the 
variation  in  breast  cancer  risk  [2].  The  proportion  of  breast 
cancer  attributable  to  rare  highly  penetrant  genes,  such  as 
BRCA1  and  BRCA2,  however,  is  probably  no  more  than 
around  5%  [3],  Hence,  a  number  of  more  common  variants 
in  lower  penetrance  genes  likely  contribute  substantially  to 
the  familial  occurrence  of  breast  cancer  and  account  for 
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higher  attributable  rates.  Accumulating  data  support  such  a 
polygenic  model  of  inherited  breast  cancer  risk  [4],  in 
which  each  gene  may  confer  only  a  small  amount  of  risk 
individually  yet  in  combination,  they  would  result  in  a 
noticeable  increase  in  susceptibility  to  breast  cancer  [5,  6]. 
Recently,  genome-wide  association  studies  (GWAS)  have 
provided  the  opportunity  to  comprehensively  search  the 
genome,  in  an  unbiased  approach  for  genetic  variants  with 
even  modest  associations  with  disease  [7].  Through  this 
approach,  three  GWAS  have  identified  novel  breast  cancer 
susceptibility  loci  [8  10].  The  Breast  Cancer  Association 
Consortium  (BCAC)  conducted  a  multi-stage  genome-wide 
association  study  of  breast  cancer  and  identified  seven 
single-nucleotide  polymorphisms  (SNPs)  associated  with 
breast  cancer  risk.  These  variants  were  genome-wide  sig¬ 
nificant  after  replication  in  its  final  stage  of  21,860  cases 
and  22,578  controls  from  22  studies  [8],  The  Swedish  and 
Singaporean  Breast  Cancer  Association  Consortium 
(SASBAC)  contributed  to  the  final  replication  stage  in  this 
consortium. 

There  is  also  considerable  evidence  that  birth  weight  and 
other  aspects  of  fetal  growth  are  associated  with  breast 
cancer  risk  in  later  life  [11  16].  Although  the  mechanisms 
underlying  this  association  are  poorly  understood,  it  has 
been  suggested  that  the  size  of  the  mammary  stem  cell  pool 
and  eventually  mammary  gland  mass  may  represent  inter¬ 
mediate  manifestations  of  the  early  life  processes  that 
modulate  risk  of  this  disease  in  adult  life  [17,  18]. 

We  hypothesized  that,  if  breast  cancer  risk  is  positively 
associated  with  the  size  of  the  pool  of  mammary  stem  cells, 
this  association  would  be  stronger  in  the  presence  of  breast 
cancer  susceptibility  loci  and  weaker  or  even  absent  in  the 
absence  of  such  loci.  Evidence  of  an  interaction  of  this  type 
would  provide  strong  support  to  the  hypothesis  that  the 
mammary  stem  cell  pool  is  critical  in  the  intrauterine  roots 
of  breast  cancer  risk  in  adult  life.  Using  birth  weight  as  the 
only  documented  proxy  of  the  stem  cell  pool  [19],  we 
examined  the  association  between  birth  weight,  breast 
cancer  susceptibility  loci,  and  risk  of  breast  cancer  in  the 
SASBAC  study.  To  our  knowledge,  no  gene  environment 
interactions  have  been  identified  with  these  novel  breast 
cancer  susceptibility  loci. 

Subjects  and  methods 

Study  population 

The  Swedish  and  Singaporean  Breast  Cancer  Association 
Consortium  (SASBAC)  rely  on  a  Swedish  case  control 
study,  with  genotyping  conducted  in  Singapore.  More 
specifically,  the  women  included  are  participants  in  the 
Cancer  and  Hormones  Replacement  in  Sweden  (CAHRES) 


study,  a  nationwide,  population-based  case  control  study 
of  incident  breast  cancer  among  women  50  74  years  old, 
born  in  Sweden  and  living  there  at  any  time  between 
October  1,  1993,  and  March  31,  1995  [20  22],  In  this 
study,  breast  cancer  cases  were  identified  through  the  six 
Swedish  regional  cancer  registries  in  which  98%  of  all 
diagnosed  cancer  cases  in  Sweden  are  reported.  A  total  of 
3,979  eligible  breast  cancer  cases  were  identified  and 
invited  to  participate  by  their  physicians.  Of  those  invited, 
3,345  (84%)  agreed  to  participate.  Non-participation  was 
due  to  inability  to  contact  patient  or  patient  refusal  in  1 1% 
of  women  and  to  patient  death  or  physician  refusal  in  the 
remaining  instances.  To  serve  as  control  subjects,  a  total  of 
4,188  women  were  randomly  selected  from  the  general 
population,  according  to  the  expected  age  frequency  dis¬ 
tribution  of  cases  (in  5-year  age  groups),  through  the  Total 
Population  Register  (currently  the  Tax  Authority),  which 
also  provided  their  addresses  and  national  registration 
numbers  unique  ten-digit  numbers  assigned  to  all  Swed¬ 
ish  residents.  Of  the  4,188  controls  selected  in  the  study, 
3,454  (82%)  agreed  to  participate.  Detailed  information 
was  obtained  through  a  self-administered  questionnaire 
mailed  to  cases  and  controls  (20  22).  The  questionnaire 
covered,  among  others,  reproductive  and  menstrual  histo¬ 
ries,  family  history  of  breast  cancer,  benign  breast  disease, 
mammography  examinations,  use  of  oral  contraceptives, 
use  of  hormone  replacement  therapy,  current  and  past 
anthropometric  measurements,  profession,  alcohol  con¬ 
sumption,  and  cigarette  smoking. 

Women  with  a  previous  cancer  (other  than  non-mela¬ 
noma  skin  cancer  and  cancer  in  situ  of  the  cervix;  n  =  112 
cases  and  91  controls),  as  well  as  women  who  were  pre¬ 
menopausal  (n  =  198  cases  and  152  controls),  or  had 
unknown  menopausal  status  (n  =  217  cases  and  100  con¬ 
trols)  were  excluded.  Thus,  there  were  2,818  cases  and 
3,111  controls  eligible  for  this  study. 

The  present  study  was  approved  by  the  Institutional 
Review  Boards  at  Karolinska  Institutet,  Uppsala  Univer¬ 
sity,  Harvard  School  of  Public  Health  and  US  Department 
of  Defense,  and  was  performed  in  compliance  with  the 
Helsinki  Declaration. 

Blood  sampling 

For  genotype  analysis,  1,500  women  with  invasive  breast 
cancer  and  1,500  controls  were  originally  selected.  For 
reasons  unrelated  to  the  objectives  of  the  present  investi¬ 
gation,  all  remaining  eligible  cases  and  controls  who  had 
taken  menopausal  hormone  treatment  for  at  least  4  years 
(191  cases  and  108  controls),  all  women  with  self-reported 
diabetes  mellitus  (110  cases  and  104  controls),  and  another 
345  controls  from  the  parent  study  selected  for  a  parallel 
investigation  were  also  included  in  the  genotype  analysis. 
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Thus,  1,801  women  with  breast  cancer  and  2,057  control 
women  were  selected  for  genotype  analysis.  We  contacted 
the  selected  women  by  mail,  and  those  who  gave  informed 
consent  received  a  blood  sampling  kit  by  mail.  We 
obtained  blood  samples  from  1,321  (73.3%)  eligible  breast 
cancer  patients  and  1,524  (74.1%)  control  women,  but  for 
technical  reasons  genotyping  was  not  performed  for  7  cases 
and  9  controls.  Thus,  genotype  analysis  was  eventually 
performed  for  1,314  cases  and  1,515  controls. 

Birth  records 

We  attempted  to  identify  birth  records  for  breast  cancer 
cases  and  controls,  using  the  Swedish  national  registration 
numbers.  Using  information  from  the  birth  registry, 
research  assistants  visited  120  hospital  and  medical  record 
archives  to  locate  the  original  birth  records  for  the  study 
participants.  Because  this  study  included  births  occurring 
between  1918  and  1945  throughout  all  of  Sweden,  a  large 
number  of  births  at  this  time  had  occurred  at  home,  and 
birth  characteristic  information  had  never  been  measured 
or  recorded.  We  were  able  to  locate  birth  records  or  mid¬ 
wife  journals  with  adequate  information  on  birth  charac¬ 
teristics  for  about  50%  of  the  participants. 

Using  a  detailed  form,  perinatal  characteristic  informa¬ 
tion  from  available  birth  records  was  abstracted.  Birth 
weight  in  grams  and  twin  status  were  consistently  listed  in 
birth  records.  Less  consistently,  information  was  provided 
on  birth  length,  head  circumference  and  placental  weight. 
In  total,  there  were  710  breast  cancer  cases  and  770  con¬ 
trols  with  both  genotype  information  and  birth  weight  data. 
We  excluded  15  cases  and  22  controls  who  were  twin 
members  and/or  had  missing  information  on  one  or  more 
covariates.  Eventually,  there  were  695  breast  cancer  cases 
and  748  control  women  with  birth  characteristic  data  and 
information  on  at  least  one  of  the  evaluated  SNPs. 

Genotyping 

We  isolated  DNA  from  3  ml  of  whole  blood  with  the 
Wizard  Genomic  DNA  Purification  Kit  (Promega,  Madi¬ 
son,  WI)  in  accordance  with  the  manufacturer’s  instruc¬ 
tions.  The  current  analysis  focuses  on  the  7  SNPs  identified 
from  the  BCAC  study  that  replicated  with  genome-wide 
significance:  rs2981582,  rs  12443621,  rs8051542, 

rs889312,  rs3817198,  rsl3281615,  and  rs3803662.  Geno¬ 
typing  of  these  SNPs  was  conducted  by  Sequenom  iPLEX 
and  Taqman  [8]. 

Statistical  analysis 

Initially,  we  examined  the  association  between  breast 
cancer  risk  and  each  of  the  following  SNPs:  rs2981582 


(FGFR2),  rs3  803662  (TNRC9/LOC643714),  rs889312 
(MAP3K1),  rsl328 1615  (8q24),  rs3817198  (LSP1), 
rs  12443 621  (TNRC9/LOC643714),  and  rs8051542 

(TNRC9/LOC643714).  We  considered  these  seven  SNPs 
because  they  were  identified  in  the  BCAC  genome-wide 
association  study  and  were  genome-wide  significant  after 
replication  [8].  For  each  SNP,  odds  ratios  (OR)  and  95% 
confidence  intervals  (Cl)  for  breast  cancer  risk  were 
determined  using  logistic  regression.  To  determine  whether 
there  was  a  linear  trend  with  increasing  number  of  variant 
alleles  in  each  SNP,  we  calculated  p  values  from  Wald 
statistics  including  a  continuous  term  in  the  model.  Tests 
for  interaction  were  based  on  a  Wald  test  after  inclusion  of 
an  interaction  term.  Data  analysis  was  conducted  using  the 
SAS  statistical  software  version  9.1  (SAS  Institute,  Cary, 
NC,  USA).  All  p  values  presented  are  from  two-sided  tests 
of  statistical  significance. 

Results 

Table  1  shows  the  distribution  of  cases  and  controls  by 
important  breast  cancer  risk  factors.  As  expected,  cases 
were  more  likely  to  be  nulliparous,  have  lower  parity,  have 
more  previous  benign  breast  disease,  and  more  prior  use  of 
postmenopausal  hormone  therapy  relative  to  controls. 
There  was  no  difference  in  the  age  distributions  because,  as 
indicated,  cases  and  controls  were  frequency  matched  on 
age.  In  these  data,  the  established  associations  of  breast 
cancer  risk  with  age  at  menarche,  body  mass  index  (BMI), 
and  birth  weight  were  not  evident. 

Four  of  the  seven  breast  cancer  susceptibility  loci 
identified  from  the  BCAC  genome-wide  association  study 
were  significantly  associated  with  breast  cancer  risk  in  this 
population  with  the  strongest  association  for  rs2981582,  in 
line  with  previous  reports  [8,  9]  (Table  2).  Women 
homozygous  for  this  allele  had  an  almost  twofold 
(OR  =  1.99,  95%  Cl  1.  45  2.72)  increased  risk  of  breast 
cancer  relative  to  women  homozygous  for  the  wild-type 
allele,  whereas  women  heterozygous  for  this  SNP  were  at 
slightly  higher  risk  of  breast  cancer  compared  to  homo¬ 
zygotes  for  the  wild-type  allele  (OR  =  1.25,  95%  Cl  0.99 
1.57).  Of  the  remaining  six  polymorphisms,  trend  tests  with 
increasing  number  of  high-risk  alleles  were  statistically 
significant  in  three  instances  (rsl2443621,  rsl3281615,  and 
rs3803662),  whereas  in  the  three  other  instances,  trends 
were  in  the  direction  expected  on  the  basis  of  the  BCAC 
study  [8],  but  statistically  not  significant. 

Because  rs2981582  in  intron  2  of  FGFR2  has  been 
repeatedly  identified  as  the  top  hit  in  GW  AS  of  breast 
cancer  [8,  9]  and  has  demonstrated  the  largest  excess  risk 
in  our  study,  we  first  examined  the  interaction  between 
rs2981582  and  birth  weight  in  relation  to  breast  cancer 
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Table  1  Distribution  of  breast 
cancer  cases  and  control  women 
by  selected  breast  cancer  risk 
factors 


a  p  value  from  chi  square  test 
with  one  degree  of  freedom 
b  Information  on  age  at 
menarche  was  not  available  for 
57  cases  and  60  controls 


Cases  (n  693) 

Controls  ( n  747) 

p  value3 

Age  at  study  entry,  years 

<55 

89  (12.8) 

99  (13.3) 

0.76 

55  <60 

204  (29.4) 

228  (30.5) 

60  <65 

163  (23.5) 

163  (21.8) 

65+ 

237  (34.2) 

257  (34.4) 

BMI,  kg  m“2 
<20 

35  (5.1) 

38  (5.1) 

0.52 

20  <25 

325  (46.9) 

349  (46.7) 

25  <30 

241  (34.8) 

281  (37.6) 

30+ 

92  (13.3) 

79  (10.6) 

Parity 

Nulliparous 

92  (13.3) 

74  (9.9) 

0.0003 

1  Child 

152  (21.9) 

137  (18.3) 

2  Children 

280  (40.4) 

292  (39.1) 

3+  Children 

169  (24.4) 

244  (32.7) 

Previous  benign  breast  disease 

Yes 

101  (14.6) 

71  (9.5) 

0.003 

No 

592  (85.4) 

676  (90.5) 

Postmenopausal  hormone  therapy  use 

Yes 

267  (38.5) 

240  (32.1) 

0.01 

No 

426  (61.5) 

507  (67.9) 

Age  at  menarche,  yearsb 
<12 

53  (8.3) 

45  (6.6) 

0.58 

12 

112  (17.6) 

118  (17.2) 

13 

168  (26.4) 

203  (29.5) 

14 

175  (27.  5) 

179  (26.0) 

15+ 

128  (20.1) 

142  (20.7) 

Birth  weight  (g) 

<2,500 

27  (3.9) 

29  (3.9) 

0.73 

2,501  <3,000 

109  (15.7) 

119  (15.9) 

3,001  <3,500 

260  (37.5) 

290  (38.8) 

3,501  <4,000 

216  (31.2) 

223  (29.9) 

>4,000 

81  (11.7) 

86  (11.5) 

risk  (Table  3).  To  increase  power  without  invoking  linear 
trends,  we  grouped  heterozygotes  with  homozygotes  for 
the  wild-type  allele,  because  the  difference  in  risk 
between  homozygotes  for  the  variant  allele  and  hetero¬ 
zygotes  is  substantially  larger  than  that  between  hetero¬ 
zygotes  and  homozygotes  for  the  wild-type  allele.  We 
found  a  marginally  significant  interaction  between  birth 
weight  and  rs2981582  (p  for  interaction  0.07).  As  shown 
in  Table  3,  the  interaction  is  generated  by  a  strong, 
though  marginally  significant,  positive  association 
between  birth  weight  and  breast  cancer  risk  among 
homozygotes  for  the  variant  allele  (p  for  trend  0.07)  and  a 
weak,  and  clearly  non-significant,  inverse  association 
between  birth  weight  and  breast  cancer  risk  among 


heterozygotes  and  homozygotes  for  the  wild-type  allele  (p 
for  trend  0.68).  Among  women  with  the  highest  category 
of  birth  weight  (>4,000  g),  being  homozygous  for  the 
rs2981582  variant  was  associated  with  an  over  fivefold 
increased  risk  of  breast  cancer  (OR  =  5.52,  95%  Cl  1.96 
15.56)  relative  to  women  with  wild- type  alleles  and 
similar  birth  weight. 

We  also  examined  a  potential  interaction  between  birth 
weight  and  the  other  6  SNPs  (Table  3),  following  the  same 
approach  used  for  rs2981582.  Although  none  of  the  other 
SNPs  demonstrated  a  significant  interaction  with  birth 
weight,  we  did  note  a  consistently  positive  association 
between  birth  weight  and  breast  cancer  risk  among  women 
homozygous  for  the  high-risk  allele. 
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Table  2  Odds  ratios  (OR)  and  95%  confidence  intervals  (Cl)  for  the 
association  between  breast  cancer  susceptibility  loci  and  breast  cancer 
risk 


Casesa 

Controls3 

OR  (95%  Cl) 

rs2981582 

GG 

240 

319 

1.0  (REF) 

GA 

304 

324 

1.25  (0.99  1.57) 

AA 

136 

91 

1.99  (1.  45  2.72) 

p  trend 

<0.0001 

rs  12443621 

AA 

193 

241 

1.0  (REF) 

AG 

337 

366 

1.15  (0.90  1.46) 

GG 

151 

130 

1.45  (1.07  1.96) 

p  trend 

0.02 

rs8051542 

GG 

194 

220 

1.0  (REF) 

GA 

359 

380 

1.07  (0.84  1.36) 

AA 

132 

135 

1.11  (0.82  1.51) 

p  trend 

0.49 

rs889312 

TT 

336 

389 

1.0  (REF) 

TG 

287 

294 

1.13  (0.91  1.41) 

GG 

57 

54 

1.22  (0.82  1.82) 

p  trend 

0.19 

rs3817198 

AA 

320 

365 

1.0  (REF) 

AG 

300 

314 

1.09  (0.88  1.36) 

GG 

60 

58 

1.18  (0.80  1.74) 

p  trend 

0.31 

rsl3281615 

AA 

175 

161 

1.0  (REF) 

AG 

263 

277 

1.16  (0.91  1.48) 

GG 

223 

273 

1.33  (1.01  1.76) 

p  trend 

0.04 

rs3803662 

GG 

333 

415 

1.0  (REF) 

GA 

300 

273 

1.37  (1.10  1.70) 

AA 

54 

50 

1.35  (0.89  2.03) 

p  trend 

0.008 

a  Numbers  do  not  add  up  because  not  all  polymorphisms  were 
determined  in  all  study  subjects 


Discussion 

In  this  population-based  study,  we  evaluated  the  associa¬ 
tions  with  breast  cancer  risk  of  seven  SNPs  previously 
identified  in  three  GWAS  [8  10].  In  the  current  study,  the 
association  with  breast  cancer  risk  was  statistically  signif¬ 
icant  with  respect  to  four  of  these  SNPs,  more  strongly 
so  as  expected  with  the  rs298 1582  genotype,  which  has 
repeatedly  been  identified  as  the  top  hit  in  GWAS.  After 


Table  3  Odds  ratios  (OR)  and  95%  confidence  intervals  (95%  Cl) 
for  breast  cancer  according  to  birth  weight  and  susceptibility  SNP 
genotype 


WT/WT  and  WT/ 
VAR 

VAR/VAR 

rs2981582 

Birth  weight  (g) 

OR(95%  Cl) 

OR(95%  Cl) 

Cases/controls 

Cases/controls 

<2,500 

1.21  (0.64  2.29) 

0.86  (0.30  2.53) 

21/20 

6/8 

2,501  <3,000 

0.89  (0.63  1.26) 

2.15  (1.12  4.13) 

80/103 

28/15 

3,001  <3,500 

1.0  (REF) 

1.27  (0.80  2.02) 

211/243 

44/40 

3,501  <4,000 

1.02  (0.77  1.34) 

1.90  (1.10  3.30) 

174/197 

38/23 

>4,000 

0.84  (0.57  1.23) 

4.61  (1.70  12.49) 

58/80 

20/5 

p  value  for  trend 

0.68  (negative  trend) 

0.07  (positive 
trend) 

p  value  for 

0.07 

interaction 

rs  12443 621 

Birth  weight  (g) 

<2,500 

1.36  (0.73  2.51) 

0.87  (0.24  3.11) 

23/22 

4/6 

2,501  <3,000 

1.24  (0.88  1.76) 

0.92  (0.48  1.76) 

90/94 

17/24 

3,001  <3,500 

1.0  (REF) 

2.03  (1.34  3.08) 

185/240 

72/46 

3,501  <4,000 

1.28  (0.96  1.70) 

1.21  (0.76  1.92) 

171/174 

42/45 

>4,000 

1.03  (0.70  1.51) 

2.31  (1.00  5.34) 

61/77 

16/9 

p  value  for  trend 

0.78  (negative  trend) 

0.30  (positive 
trend) 

p  value  for 

0.29 

interaction 

rs8051542 

Birth  weight  (g) 

<2,500 

1.63  (0.86  3.09) 

0.41(0.11  1.53) 

24/18 

3/9 

2,501  <3,000 

1.14(0.81  1.60) 

1.09  (0.55  2.16) 

92/99 

17/19 

3,001  <3,500 

1.0  (REF) 

1.66  (1.10  2.51) 

190/232 

68/50 

3,501  <4,000 

1.26  (0.95  1.66) 

0.80  (0.48  1.33) 

184/179 

28/43 

>4,000 

1.07  (0.72  1.58) 

1.40  (0.66  2.93) 

63/72 

16/14 

p  value  for  trend 

0.92  (negative  trend) 

0.81  (positive 
trend) 
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Table  3  continued 


WT/WT  and  WT/ 
VAR 

VAR/VAR 

p  value  for 

0.80 

interaction 

rs889312 

Birth  weight  (g) 

<2,500 

1.15  (0.65  2.03) 

26/26 

0/3 

2,501  <3,000 

1.09  (0.79  1.50) 

0.69  (0.25  1.93) 

102/108 

6/10 

3,001  <3,500 

1.0  (REF) 

1.36  (0.75  2.46) 

229/263 

26/22 

3,501  <4,000 

1.08  (0.83  1.41) 

1.68  (0.81  3.47) 

194/206 

19/13 

>4,000 

1.03  (0.72  1.49) 

1.15  (0.37  3.61) 

72/80 

6/6 

p  value  for  trend 

0.91  (negative  trend) 

0.13  (positive 

trend) 

p  value  for 

0.14 

interaction 

rs3817198 

Birth  weight  (g) 

<2,500 

1.05  (0.58  1.89) 

1.14  (0.28  4.59) 

23/25 

4/4 

2,501  <3,000 

1.04  (0.76  1.44) 

1.01  (0.38  2.66) 

100/109 

8/9 

3,001  <3,500 

1.0  (REF) 

1.08  (0.55  2.10) 

235/267 

18/19 

3,501  <4,000 

1.15  (0.88  1.50) 

0.89  (0.47  1.69) 

197/195 

18/23 

>4,000 

0.89  (0.62  1.29) 

4.55  (1.27  16.30) 

65/83 

12/3 

p  value  for  trend 

0.92  (negative  trend) 

0.26  (positive 

trend) 

p  value  for 

0.27 

interaction 

rs  13281615 

Birth  weight  (g) 

<2,500 

1.50  (0.72  3.13) 

0.55  (0.22  1.37) 

18/14 

7/15 

2,501  <3,000 

1.26  (0.86  1.86) 

0.72  (0.42  1.24) 

79/73 

26/42 

3,001  <3,500 

1.0  (REF) 

1.16(0.81  1.65) 

143/167 

103/104 

3,501  <4,000 

1.29  (0.93  1.78) 

0.89  (0.60  1.32) 

143/130 

63/83 

>4,000 

1.19  (0.77  1.84) 

0.97  (0.54  1.74) 

55/54 

24/29 

p  value  for  trend 

0.97  (positive  trend) 

0.46  (positive 

trend) 

Table  3  continued 


WT/WT  and  WT/ 
VAR 

VAR/VAR 

p  value  for 

0.56 

interaction 

rs3803662 

Birth  weight  (g) 

<2,500 

1.15  (0.64  2.06) 

0.29  (0.03  2.60) 

25/25 

1/4 

2,501  <3,000 

1.05  (0.76  1.45) 

1.30  (0.49  3.42) 

100/110 

9/8 

3,001  <3,500 

1.0  (REF) 

1.65  (0.92  2.95) 

230/265 

30/21 

3,501  <4,000 

1.13  (0.87  1.47) 

0.89  (0.38  2.06) 

202/206 

10/13 

>4,000 

1.07  (0.75  1.53) 

1.15  (0.29  4.66) 

76/82 

4/4 

p  value  for  trend 

0.76  (positive  trend) 

0.87  (positive 

trend) 

p  value  for 

0.94 

interaction 

WT  wild  type;  VAR  high  risk  variant 


grouping  heterozygotes  with  homozygotes  for  the  wild- 
type  allele,  we  found  a  marginally  significant  interaction 
(/?~0.07)  between  birth  weight  and  the  rs2981582  geno¬ 
type  with  respect  to  breast  cancer  risk.  For  the  six 
remaining  SNPs,  there  was  an  apparently  stronger  positive 
association  between  birth  weight  and  breast  cancer  risk 
among  women  homozygous  for  the  high-risk  alleles  than 
among  carriers  or  homozygotes  for  the  wild-type  allele, 
although  relatively  large  p  values  and  multitude  of  com¬ 
parisons  hinder  firm  conclusions.  These  results  suggest  that 
the  association  of  genetic  susceptibility  with  breast  cancer 
risk  might  be  stronger  among  women  with  a  larger  mam¬ 
mary  stem  cell  pool,  as  this  is  reflected  in  higher  birth 
weight  [19]. 

It  has  been  suggested  that  the  documented  association  of 
breast  cancer  risk  with  birth  weight  [12,  15,  16]  could 
reflect  the  underlying  association  of  this  risk  with  the  size 
of  the  mammary  stem  cell  pool  [19]  and  eventually 
mammary  gland  mass  [17,  18].  In  women  who  carry  high- 
risk  alleles,  the  association  of  birth  weight  (as  a  correlate  of 
mammary  stem  cell  pool)  with  breast  cancer  risk  would  be 
expected  to  be  stronger.  Our  findings  are  compatible  with 
this  hypothesis,  although  the  study  was  perhaps  not  suffi¬ 
ciently  powered  to  document  interactions  of  modest 
strength.  Of  note,  in  our  study,  associations  were  not  sta¬ 
tistically  significant  for  the  main  effect  of  three  of  the 
seven  SNPs  identified  in  the  context  of  GW  AS  [8].  When 
our  study  was  initiated,  the  effect  size  of  SNPs  that  could 
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be  related  to  breast  cancer  was  not  known,  precluding 
reliable  power  calculations. 

The  evidence  that  the  association  between  birth  weight 
and  breast  cancer  could  be  modified  by  genetic  suscepti¬ 
bility  was  stronger  for  the  SNP  in  FGFR2  than  for  any  of 
the  other  susceptibility  loci.  SNPs  in  intron  2  of  FGFR2 
have  emerged  as  top  hits  from  multiple  GWAS  of  breast 
cancer  [8,  9]  and  have  been  significantly  associated  with 
breast  cancer  risk  in  a  number  of  populations  including 
Europeans  [8,  9],  Asians  [8,  23],  Ashkenazi  Jewish  [24], 
and  African  American  women  [25].  FGFR2,  a  tyrosine 
kinase  receptor  belonging  to  a  family  of  genes  involved  in 
growth  and  proliferation,  is  overexpressed  in  breast  tumors 
[26]  and  may  function  as  an  oncogene  [27,  28].  In  the 
current  study,  we  did  observe  a  marginally  significant 
positive  association  (p  ~  0.07)  between  birth  weight  and 
breast  cancer  among  women  who  were  homozygous  for  the 
risk  allele  of  FGFR2.  An  interpretation  of  these  results  is 
that  susceptibility  loci  in  an  oncogene  such  as  FGFR2  put 
individual  cells  at  higher  risk  of  malignant  transformation. 
To  the  extent  that  birth  weight  is  a  proxy  for  glandular 
mass,  having  an  increased  number  of  mammary  stem  cells 
with  high-risk  alleles  would  be  associated  with  an 
increased  risk  of  breast  cancer. 

Four  additional  loci  not  included  in  this  study  have 
recently  been  identified  from  further  genotyping  efforts  in 
the  BCAC  [29]  and  CGEMS  [30]  genome-wide  association 
studies  and  more  are  likely  to  be  identified  with  pooling  of 
GWASs.  These  additional  loci  have  more  modest  effect 
sizes  than  FGFR2,  and  it  is  unlikely  that  loci  will  be  dis¬ 
covered  from  subsequent  pooling  efforts  with  the  same 
magnitude  of  association  with  breast  cancer  as  has  been 
demonstrated  with  FGFR2  [30].  With  the  possible  excep¬ 
tion  of  the  FGFR2  gene,  we  know  little  about  the  mecha¬ 
nisms  by  which  other  susceptibility  loci  influence  breast 
carcinogenesis.  In  this  context,  it  would  be  of  interest  to 
examine  whether  carriers  of  the  major  breast  cancer  genes, 
BRCA1  and  BRCA2,  are  at  a  disproportionally  high  risk 
for  breast  cancer  if  born  with  high  birth  weight. 

A  possible  interaction  between  genetic  susceptibility 
loci  and  birth  weight  in  relation  to  breast  cancer  risk  has 
not  been  previously  investigated.  In  fact,  there  are  few 
reliable  studies  of  gene  environment  interactions  and 
breast  cancer  risk.  Our  results  are  compatible  with  the 
hypothesis  that  the  pool  of  mammary  stem  cells  is  critical 
in  the  intrauterine  roots  of  breast  cancer  risk  in  adult  life. 
This  is  because  the  size  of  the  pool  of  mammary  stem  cells, 
as  reflected  in  birth  weight,  appears  to  interact  with  genetic 
susceptibility  in  modulating  breast  cancer  risk. 
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Breast  cancer  incidence  and  birth  weight  are  higher  among  Caucasian  than  Asian  women,  and  birth  size  has  been  positively  associated 
with  breast  cancer  risk.  Pregnancy  hormone  levels,  however,  have  been  generally  lower  in  Caucasian  than  Asian  women.  We  studied 
components  of  the  insulin  like  growth  factor  (IGF)  system  in  cord  blood  from  92  singleton  babies  born  in  Boston,  USA,  and  I  1 0  bom 
in  Shanghai,  China,  in  1994  1995.  Cord  blood  IGF  I  was  significantly  higher  among  Caucasian  compared  with  Chinese  babies 
(P<  ICC6).  The  opposite  was  noted  for  IGF  2  (P~  ICC4).  IGF  I  was  significantly  positively  associated  with  birth  weight  and  birth 
length  in  Boston,  but  not  Shanghai.  In  contrast,  stronger  positive,  though  statistically  non  significant,  associations  of  IGF  2  with  birth 
size  were  only  evident  in  Shanghai.  The  associations  of  birth  weight  and  birth  length  were  positive  and  significant  in  taller  women  (for 
IGF  I  in  Boston  P~ 0.003  and  0.03,  respectively;  for  IGF  2  in  Shanghai  P~ 0.05  and  ~0.04,  respectively),  among  whom  maternal 
anthropometry  does  not  exercise  strong  constraints  in  foetal  growth.  The  documentation  of  higher  cord  blood  levels  of  IGF  I ,  a 
principal  growth  hormone  that  does  not  cross  the  placenta,  among  Caucasian  than  in  Asian  newborns  is  concordant  with  breast 
cancer  incidence  in  these  populations. 
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During  the  past  few  decades,  the  possibility  has  been  investigated 
that  breast  cancer  can  have  roots  in  early  life,  including  the 
intrauterine  period.  By  the  late  2000s,  birth  size  had  become  a 
predictor  of  breast  cancer  risk  (Michels  and  Xue,  2006;  Park  et  al, 
2008;  dos  Santos  Silva  et  al,  2008).  We  have  hypothesised  that 
high  levels  of  mammotropic  hormones  during  pregnancy  favour 
the  generation  of  mammary  tissue  specific  stem  cells  in  the 
offspring  and  that  the  pool  of  these  cells  is  an  important 
predictor  of  risk  (Trichopoulos  et  al,  2005).  Because  such  stem 
cells  are  difficult  to  isolate,  haematopoietic  stem  and  progenitor 
cells  have  been  used  as  markers.  Concentration  of  these  cells  in 
cord  blood  is  strongly  positively  associated  with  both  cord  blood 
levels  of  insulin  like  growth  factor  1  (IGF  1)  (Savarese  et  al,  2007) 
and  birth  weight  (Strohsnitter  et  al,  2008),  suggesting  that 
IGF  1  may  be  an  important  factor  in  the  intrauterine  origin  of 
breast  cancer. 
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The  incidence  of  breast  cancer  (Ferlay  et  al,  2004),  as  well  as 
birth  weight  (Wen  et  al,  1995;  Lagiou  et  al,  2003),  are  higher 
among  Caucasian  women  in  western  countries  than  in  Asian 
women  in  the  east.  We  hypothesised,  therefore,  that  cord  blood 
levels  of  IGF  1,  which  does  not  cross  the  placenta  (Holmes  et  al, 
1999),  are  higher  among  Caucasian  than  among  Asian  neonates, 
and  that  cord  blood  IGF  1  levels  are  positively  associated  with 
birth  size.  We  evaluated  this  hypothesis,  and  also  examined  the 
role  of  IGF  2,  a  main  component  of  the  IGF  system  in  foetal  life, 
by  studying  cord  blood  samples  from  babies  born  to  women  in 
Boston,  USA  and  Shanghai,  China. 


MATERIALS  AND  METHODS 

Study  participants  were  adult  pregnant  women  and  their  offspring, 
recruited  from  maternity  clinics  affiliated  with  two  centres:  Beth 
Israel  Hospital  in  Boston,  USA,  and  Shanghai  Medical  University 
in  China.  The  study  was  approved  by  the  Institutional  Review 
Boards  of  the  two  centres,  as  well  as  the  Institutional  Review 
Boards  of  the  Harvard  School  of  Public  Health  and  the  US 
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Department  of  the  Army.  Details  on  the  study  have  been  reported 
earlier  (Lipworth  et  al,  1999)  and  are  summarised  below. 

At  each  centre,  an  authorised  health  professional  met  all 
pregnant  women  coming  for  their  first  routine  prenatal  visit  to 
the  collaborating  maternity  clinic,  ascertained  whether  the  woman 
was  eligible  to  participate,  explained  to  her  the  objectives  of  the 
study  and  the  requirements  for  participation,  and  obtained 
informed  consent.  To  be  eligible,  a  pregnant  woman  had  to  be 
<  40  years  of  age,  have  no  more  than  one  previous  (liveborn  or 
stillborn)  child,  be  Caucasian  in  Boston  and  Chinese  in  Shanghai, 
and  be  able  to  understand  and  speak  the  local  language.  Women 
were  excluded  if  they  had  taken  any  hormonal  medication  during 
the  index  pregnancy,  if  they  had  an  earlier  diagnosis  of  diabetes 
mellitus  or  thyroid  disease,  or  if  the  foetus  had  a  known  major 
anomaly. 

Between  March  1994  and  October  1995,  among  402  women 
identified  at  Beth  Israel  Hospital  in  Boston,  304  pregnant  women 
agreed  to  participate  and  met  the  eligibility  criteria.  In  Shanghai, 
among  424  women  identified  between  April  1994  and  May  1995, 
334  pregnant  women  agreed  to  participate  and  met  the  eligibility 
criteria.  In  both  centres,  gestational  age  was  defined  as  the  time 
since  the  first  day  of  the  last  menstrual  period.  Baseline 
sociodemographic  information  was  recorded  and  blood  was  drawn 
at  gestational  weeks  16  and  27.  Cord  blood  was  collected  and 
additional  information  concerning  the  delivery  and  the  newborn 
was  ascertained  from  medical  records  and  paediatric  charts. 

Cord  blood  was  collected  in  sterile  tubes  without  preservatives 
and  refrigerated  at  4°C  for  up  to  24  h  until  centrifugation,  after 
which,  serum  from  each  sampling  was  separated  and  distributed 
into  aliquots.  In  Shanghai,  cord  blood  samples  were  transported  in 
a  cooler  to  a  laboratory  near  Shanghai  Medical  University.  Serum 
aliquots  were  stored  at  20°C  for  5  7  days  in  the  laboratory 
before  being  transported  to  Shanghai  Medical  University  and 
stored  at  80°C.  All  samples  were  shipped  by  air  on  dry  ice  to 
Boston  where  they  were  stored  at  80°C  together  with  the  cord 
blood  samples  from  Boston.  We  were  able  to  collect  cord  blood 
samples  of  acceptable  quality  and  sufficient  quantities  for  the 
determinations  of  cord  blood  hormones  for  202  uncomplicated 
full  term  pregnancies  (37  42  weeks  long  without  pregnancy 
toxaemia),  92  in  Boston  and  110  in  Shanghai. 

Hormone  determinations  were  conducted  at  the  ILAT  Steroid 
RIA  Laboratory  of  the  University  of  Massachusetts  Medical  School. 
IGF  1,  IGF  2,  and  IGFBP  3  were  measured  by  coated  tube 
immunoradiometric  assay  kits  (Diagnostic  System  Laboratories, 
Inc.,  Webster,  TX,  USA).  The  laboratory  estimated  inter  assay  and 
intra  assay  coefficients  of  variation  were,  respectively,  9.0%  and 
3.3%  for  IGF  1,  5.9%  and  3.4%  for  IGF  2,  and  8.0%  and  4.8%  for 
IGFBP  3.  There  was  no  detectable  cross  reactivity  of  the  IGF  1 
assay  with  IGF  2  according  to  the  manufacturer’s  specificity 
assessment. 

Statistical  analyses 

Statistical  analyses  were  conducted  using  the  SPSS  statistical 
package  (Statistical  Package  for  Social  Sciences  v.  16,  Chicago,  IL, 
USA).  Multiple  regression  models  were  used  to  compare  hormone 
levels  between  Boston  and  Shanghai  controlling  for  maternal  age, 
height,  duration  of  gestation  and  weight  gain  (all  continuously),  as 
well  as  for  parity  and  gender  of  offspring.  The  association  of  IGF  1 
and  IGF  2  with  birth  weight  and  birth  length  were  examined  by 
modelling  the  data  through  multiple  regression  models  with, 
alternatively,  birth  weight  and  length  as  the  outcomes,  controlling 
also  mutually  for  IGF  1  and  IGF  2,  as  well  as  for  IGFBP  3.  Analyses 
were  conducted  separately  for  each  centre,  for  all  women,  as  well  as 
for  tall  and  short  women,  with  the  cut  off  for  height  set  a  priori  at 
163  cm  (median  height  in  Boston,  third  quartile  in  Shanghai)  based 
on  the  results  of  an  earlier  study  (Lagiou  et  al,  2005).  The 
hypothesis  is  that,  among  shorter  women,  maternal  anthropometry 


imposes  constraints  on  birth  size  (Wen  et  al,  1995;  Lagiou  et  al, 
2003)  and  could  trigger  negative  feedback  mechanisms  that  could 
obscure  positive  associations  of  hormones  with  birth  size. 


RESULTS 

Characteristics  of  mothers  and  offspring  and  cord  blood  levels  of 
IGF  1,  IGF  2,  and  IGFBP  3  are  shown  in  Table  1.  Caucasian 
mothers  in  Boston  were  significantly  older  and  taller  than  Chinese 
mothers  in  Shanghai.  In  Boston,  mothers  were  in  almost  equal 
proportions  primi  and  biparae,  whereas  in  Shanghai  virtually  all 
were  primiparae.  The  number  of  boys  and  girls  was  identical  in 
Boston,  but  there  were  substantially  more  boys  than  girls  in 
Shanghai.  Birth  weight  and  length  were  higher  in  Boston.  Table  1 
also  shows  unadjusted  mean  values  and  standard  deviations  of  the 
three  studied  components  of  the  IGF  axis.  Cord  blood  levels  of 
IGF  1  were  higher  in  Boston  than  in  Shanghai,  whereas  the 
opposite  was  evident  with  respect  to  IGF  2,  while  IGFBP  3  levels 
were  higher  in  Shanghai. 

In  Table  2,  cord  blood  levels  of  IGF  1,  IGF  2,  and  IGFBP  3  are 
compared  between  cities  adjusting  for  maternal  age,  height,  weight 
gain,  parity,  duration  of  gestation,  and  gender  of  offspring.  Levels 
of  IGF  1  were  significantly  and  substantially  higher  in  Boston, 
whereas  IGF  2  levels  were  significantly  lower.  The  differences  in 
IGF  1  and  IGF  2  were  amplified  after  adjustment  both  mutually  as 
well  as  for  IGFBP  3.  As  essentially  all  women  in  Shanghai  were 
primiparae,  we  repeated  the  analyses  for  primiparae  women  only 
and  the  results  were  essentially  unchanged. 

Table  3  shows  multiple  regression  derived  partial  regression 
coefficients  of  birth  weight  (upper  panel)  and  birth  length  (lower 
panel)  on  one  standard  deviation  increments  of  cord  blood  levels 
of  IGF  1  and  IGF  2  in  Boston  and  Shanghai,  both  overall  and  in 
strata  defined  by  maternal  height.  When  all  women  within  each 
centre  were  studied,  results  were  adjusted  for  maternal  age,  height, 
parity,  weight  gain,  duration  of  gestation,  and  gender  of  offspring. 
In  the  stratified  analyses,  in  which  the  number  of  observations  was 


Table  I  Characteristics3  of  mothers  and  their  offspring  and  cord  blood 
levels  of  IGF  I ,  IGF  2,  and  IGFBP  3 


Boston  (n  92) 

Shanghai  (n  1  10) 

Age  (years) 

Maternal  height  (cm) 

3 1 .0  (3.0) 

164.1  (7.2) 

25.1  (3.3) 

1 60.2  (4.9) 

Maternal  height 
^  1 .63  m 
>  1 .63  m 

46  (50.0%) 

46  (50.0%) 

81  (73.6%) 

29  (26.4%) 

Parity 

1 

2 

48  (52.2%) 

44  (47.8%) 

1 09  (99. 1  %) 

1  (0.9%) 

Duration  of  gestation  (weeks) 
Maternal  weight  gain  (kg)b 

40.1  (l.l) 

1  1 .5  (3.9) 

40.0  (l.l) 

8.9  (4.5) 

Gender  of  offspring 

Male 

Female 

Birth  weight  (g) 

Birth  length  (cm) 

46  (50.0%) 

46  (50.0%) 
3557.7  (490.2) 

50.6  (2.5) 

64  (58.2%) 

46  (41.8%) 
3492.6  (459.8) 

49.8  (3.1) 

IGF  1  (ngml  ') 

IGF  2  (ngml  ') 

IGFBP  3  (ngml  ') 

98.4  (37.8) 

492.5  (100.3) 
2419.1  (1696.8) 

79.0  (48.9) 

587.8  (140.1) 
3265.3  (2186.4) 

IGF  =  insulin  like  growth  factor.  Uncomplicated  full  term  singleton  pregnancies  in 
Boston,  USA  and  Shanghai,  China.  aFor  continuous  variables  mean  (s.d.);  for 
categorical  variables  n  (%).  bUntil  the  27th  week  of  gestation. 
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Table  2  Percent  differences3  of  cord  blood  levels  of  IGF  I,  IGF  2,  and  IGFBP  3  between  newborns  in  Boston,  USA  (reference)  and  Shanghai,  China 


Unadjusted  for  the  other  IGF  components 

Adjusted  for  the  other  IGF  components 

Shanghai  vs  Boston  (%) 

P- value 

Shanghai  vs  Boston  (%) 

P- value 

IGF  1 

39.6  (  54.3,  20.2) 

0.0005 

50.9  (  61.0,  38.1) 

<10  6 

IGF  2 

20.7  (7.7,  35.2) 

0.001 

23.2  ( 1 0.9,  37.0) 

0.000 1 

IGFBP  3 

23.0  (  8.1,  64.7) 

0.162 

22.5  (  5.1,  57.9) 

0.1  18 

IGF  =  insulin  like  growth  factor.  aAdjusted  for  maternal  age,  height  and  weight  gain,  parity,  duration  of  gestation,  and  gender  of  offspring.  Hormone  levels  were  log  transformed, 
so  that  the  coefficients  express  percentage  differences  between  centres. 


T able  3  Multiple  regression  derived  partial  regression  coefficients  ba  (and  95%  confidence  intervals,  CIs)  of  birth  weight  (upper  panel)  and  birth  length 
(lower  panel)  on  one  standard  deviation  increments  of  cord  blood  levels  of  IGF  I ,  IGF  2,  and  IGFBP  3  in  Boston,  USA  and  Shanghai,  China,  overall  and  by 
maternal  height.  Statistically  significant  P  values  (<0.05)  are  indicated  in  bold  fonts. 


All  women  Women  ^  1.63  m  height  Women  >  1.63  m  height 


Boston  (n  92) 

Shanghai  (n  1 

1 10) 

Boston  (n  46) 

Shanghai  (n  81) 

Boston  (n  46) 

Shanghai  (n 

29) 

b  (Cl)  P- value 

b(CI) 

P-value 

b(CI) 

P-value 

b  (Cl)  P-value 

b  (Cl)  P-value 

b(CI) 

P-value 

Birth  weight 

IGF  1 

(per  44.4  ng  ml  ') 

141.7  (11.3,272.1)  0.03 

-3.7  (-133.5,  126.0) 

0.96 

-39.6  (-252.3,  173.1) 

0.71 

- 1 .2  (- 1 39.9,  1 37.4)  0.99 

260.4  (92.6,428.1)  0.003 

-33.6  (-420.6,  353.3)  0.86 

IGF— 2 

(per  1 32. 1  ng  ml  1 

7.0  (- 1 3 1 .4,  1 45.3)  0.92 

) 

57.3  (-51.3,  166.0) 

0.30 

45.5  (-137.2,  228.1) 

0.62 

-2.3  (-124.1,  1  19.5)  0.97 

1.0  (-196.7,  198.7)  0.99 

292.8  (0.59,  584.9) 

0.05 

Birth  length 

IGF  1 

(per  44.4  ng  ml  ') 

0.85(0.19,1.51)  0.01 

0.00  (-0.91,  0.91) 

0.99 

0.29  (-0.70,  1 .28) 

0.56 

-0.21  (-1.39,  0.98)  0.73 

1.14(0.09,2.19)  0.03 

0.81  (-0.19,  1.81) 

0.1  1 

IGF  2 

0.10  (-0.60,  0.80)  0.77 

0.65  (-0.1  1,  1.41) 

0.09 

0.44  (-0.41,  1.29) 

0.30 

0.73  (-0.3 1 ,  1 .77)  0.17 

-0.17  (-1.41,  1.06)  0.78 

0.78  (0.02,  1.53) 

0.04 

(per  1 32. 1  ng  ml  ') 

IGF  =  insulin  like  growth  factor;  Cl  =  confidence  interval.  aAdjusted  for  maternal  age,  height  and  weight  gain,  parity,  duration  of  gestation,  and  gender  of  offspring  in  models  for  all 
women;  adjusted  for  maternal  age  and  weight  gain,  and  duration  of  gestation  in  models  by  maternal  height.  In  all  models,  IGF  I  and  IGF  2  were  adjusted  both  mutually  and  for 
IGFBP  3. 


considerably  reduced,  parity  and  offspring  gender,  which  mini 
mally  affected  within  centre  estimates,  were  not  included  among 
the  covariates.  In  all  models,  IGF  1  and  IGF  2  were  adjusted 
both  mutually  and  for  IGFBP  3.  In  Boston,  with  respect  to  both 
birth  weight  and  birth  length,  there  were  significant  positive 
associations  with  IGF  1;  stratified  analyses  indicated  that  these 
differences  were  generated  exclusively  by  the  offspring  of  taller 
women.  In  contrast,  in  Shanghai,  IGF  1  was  suggestively  positively 
associated  only  with  birth  length  and  only  among  taller  women 
(P~0.11). 

The  results  for  IGF  2  were  strikingly  different.  In  Boston,  no 
association  was  evident  with  respect  to  either  birth  weight  or  birth 
length,  neither  among  women  overall  nor  among  taller  or  shorter 
women.  In  Shanghai,  however,  cord  blood  IGF  2  was  suggestively 
positively  associated  with  birth  length  (P~  0.09),  whereas,  among 
taller  women,  it  was  significantly  positively  associated  with  both 
birth  weight  and  length.  The  cut  off  of  163  cm  for  maternal  height 
was  set  a  priori.  Nevertheless,  with  respect  to  birth  weight,  the 
P  value  for  interaction  of  maternal  height  with  IGF  1  (both 
continuously)  was  0.09  for  Boston,  whereas  the  P  for  interaction  of 
maternal  height  with  IGF  2  was  0.01  in  Shanghai. 


DISCUSSION 

In  our  study  involving  pregnancies  of  110  Asian  women  in  China 
and  92  Caucasian  women  in  USA,  we  have  found  that  cord  blood 
IGF  1  was  significantly  higher  in  Boston  compared  with  Shanghai 
(P<10~6),  whereas  the  opposite  was  noted  with  respect  to  IGF  2 
(P~10~4)  (Table  2).  IGF  1  was  positively  associated  with  both 
birth  weight  and  birth  length  among  newborns  in  Boston,  but  not 
in  Shanghai.  With  respect  to  IGF  2  in  relation  to  birth  size,  there 


were  suggestive  positive  associations  in  Shanghai  mostly  with 
respect  to  birth  length  (P ~  0.09)  (Table  3). 

In  an  earlier  study  (Lagiou  et  al,  2005),  we  evaluated  the 
association  of  pregnancy  estriol  in  maternal  sera  with  birth  weight 
after  stratification  of  women  by  stature.  The  results  supported  our 
hypothesis  that,  because  among  shorter  women  maternal  anthro 
pometry  imposes  stronger  constraints  on  birth  size  (Wen  et  al, 
1995;  Lagiou  et  al,  2003),  negative  feedback  mechanisms  might 
be  triggered  that  masked  positive  associations  of  hormones  with 
birth  size.  Similarly,  in  this  study,  the  positive  associations  of  cord 
blood  IGF  with  birth  weight  and  length  were  significant  among 
taller  women  for  IGF  1  in  Boston  and  for  IGF  2  in  Shanghai,  and 
essentially  null  among  women  of  shorter  stature. 

Strengths  of  this  investigation  are  the  inclusion  of  participants 
from  two  populations  with  contrasting  incidence  of  breast  cancer, 
the  implementation  of  a  uniform  protocol,  the  use  of  state 
of  the  art  assays  in  a  qualified  laboratory,  and  the  appreciable 
study  size  for  a  study  of  this  nature.  Limitations  include  lack  of 
measurements  of  other  IGF  binding  proteins  and  IGF  receptors. 

Birth  size  is  positively  associated  with  breast  cancer  risk  several 
decades  later  (Michels  and  Xue,  2006;  Park  et  al,  2008;  dos  Santos 
Silva  et  al,  2008)  and  birth  weight  is  higher  among  Caucasian 
newborns  in  the  United  States  compared  with  Asian  newborns  in 
China  (Wen  et  al,  1995;  Lagiou  et  al,  2003).  The  documentation 
of  higher  cord  blood  levels  of  IGF  1  among  Caucasian  compared 
with  Asian  newborns  is  concordant  with  the  higher  incidence  of 
breast  cancer  in  western  compared  with  eastern  Asian  populations 
(Ferlay  et  al,  2004)  and  compatible  with  the  role  IGF  appears  to 
play  in  breast  cancer,  at  least  among  premenopausal  women 
(Renehan  et  al,  2004;  Schernhammer  et  al,  2005).  Of  note,  IGF  1 
does  not  cross  the  placenta  (Holmes  et  al,  1999)  and  this  was 
also  supported  by  our  data,  in  which  the  correlation  coefficients 
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between  cord  blood  IGF  1  and  maternal  IGF  1  were  very  low.  Our 
finding  of  higher  cord  blood  levels  of  IGF  1  among  Caucasian 
compared  with  Asian  newborns  is  of  particular  importance 
because,  in  the  same  dataset,  maternal  pregnancy  estradiol  and 
estriol  (Lipworth  et  al,  1999),  as  well  as  cord  blood  estriol, 
androstenedione,  and  testosterone  (Troisi  et  al,  2008)  have  been 
reported  to  be  significantly  higher  among  Chinese  than  among 
Caucasian  women.  In  a  small  subsample  of  52  US  and  22  Chinese 
newborns  from  the  same  dataset,  in  which  IGF  2  was  not 
measured,  there  was  no  significant  difference  between  the  two 
groups  with  respect  to  cord  blood  IGF  1  and,  possibly  by  chance 
owing  to  the  small  subsample  size,  levels  of  IGF  1  appeared  to  be 
somewhat  higher  among  Chinese  newborns  (Troisi  et  al,  2008). 

Our  results  indicating  that  IGF  1  dominates  foetal  growth 
among  Caucasians,  whereas  IGF  2  plays  a  similar  role  among 
Asians  and  that  associations  are  evident  among  taller  mothers  are 
not  directly  comparable  with  previous  studies,  because  mutual 
adjustment  of  IGF  1  and  IGF  2  and  stratification  by  maternal 
height  were  not  generally  undertaken.  Nevertheless,  cord  blood 
IGF  1  has  shown  a  consistently  positive  association  with  birth 
weight  in  Caucasian  (Gluckman  et  al,  1983;  Ashton  et  al,  1985; 
Ostlund  et  al,  1997;  Ong  et  al,  2000;  Christou  et  al,  2001)  and  less 
consistently  in  Asian  populations  (Wang  et  al,  1991;  Yang  and 
Kim,  2000;  Yang  and  Yu,  2000;  Lo  et  al,  2002;  Hung  et  al,  2008). 
Cord  blood  IGF  2  associations  with  birth  weight  are  generally 
weakly  positive  or  null  among  both  Caucasians  (Gluckman  et  al, 
1983;  Ashton  et  al,  1985;  Ong  et  al,  2000)  and  Asians  (Lo  et  al, 
2002;  Pathmaperuma  et  al,  2007;  Hung  et  al,  2008). 

Cord  blood  IGF  1  has  been  shown  to  be  positively  associated 
with  the  size  of  the  stem  cell  pool  (Baik  et  al,  2005;  Savarese  et  al, 

2007) ,  which  has  also  been  linked  to  birth  size  (Strohsnitter  et  al, 

2008) .  The  stem  cell  pool  has  been  postulated  to  be  related  to 
breast  cancer  risk  in  later  life  (Trichopoulos  et  al,  2005).  We  found 
no  reports  concerning  a  possible  association  of  this  pool  with 


REFERENCES 

Ashton  IK,  Zapf  J,  Einschenk  I,  Mackenzie  IZ  (1985)  Insulin  like  growth 
factors  (IGF)  1  and  2  in  human  foetal  plasma  and  relationship  to 
gestational  age  and  foetal  size  during  midpregnancy.  Acta  Endocrinol 
(Copenh)  110:  558  563 

Baik  I,  Devito  WJ,  Ballen  K,  Becker  PS,  Okulicz  W,  Liu  Q,  Delpapa  E,  Lagiou 
P,  Sturgeon  S,  Trichopoulos  D,  Quesenberry  PJ,  Hsieh  CC  (2005) 
Association  of  fetal  hormone  levels  with  stem  cell  potential:  evidence  for 
early  life  roots  of  human  cancer.  Cancer  Res  65:  358  363 

Buell  P  (1973)  Changing  incidence  of  breast  cancer  in  Japanese  American 
women.  /  Natl  Cancer  Inst  51:  1479  1483 

Christou  H,  Connors  JM,  Ziotopoulou  M,  Hatzidakis  V,  Papathanassoglou 
E,  Ringer  SA,  Mantzoros  CS  (2001)  Cord  blood  leptin  and  insulin  like 
growth  factor  levels  are  independent  predictors  of  fetal  growth.  J  Clin 
Endocrinol  Metab  86:  935  938 

dos  Santos  Silva  I,  De  Stavola  B,  McCormack  V,  Collaborative  Group  on 
Pre  Natal  Risk  Factors  and  Subsequent  Risk  of  Breast  Cancer  (2008) 
Birth  size  and  breast  cancer  risk:  re  analysis  of  individual  participant 
data  from  32  studies.  PLoS  Med  5:  el93 

Ferlay  J,  Bray  F,  Pisani  P,  Parkin  DM  (2004)  GLOBOCAN  2002.  Cancer 
Incidence,  Mortality  and  Prevalence  Worldwide.  IARC  CancerBase  No.  5, 
version  2.0.  IARC  Press:  Lyon 

Gluckman  PD,  Johnson  Barrett  JJ,  Butler  JH,  Edgar  BW,  Gunn  TR 
(1983)  Studies  of  insulin  like  growth  factor  I  and  II  by  specific  radio 
ligand  assays  in  umbilical  cord  blood.  Clin  Endocrinol  (Oxf)  19: 
405  413 

Haenszel  W,  Kurihara  M  (1968)  Studies  of  Japanese  migrants.  I.  Mortality 
from  cancer  and  other  diseases  among  Japanese  in  the  United  States. 
J  Natl  Cancer  Inst  40:  43  68 

Holmes  R,  Porter  H,  Newcomb  P,  Holly  JM,  Soothill  P  (1999)  An 
immunohistochemical  study  of  type  I  insulin  like  growth  factor 
receptors  in  the  placentae  of  pregnancies  with  appropriately  grown  or 
growth  restricted  fetuses.  Placenta  20:  325  330 


IGF  2,  which  is  a  growth  promoting  hormone  during  gestation 
(O’Dell  and  Day,  1998).  In  the  few  analyses  based  on  Asian 
populations,  there  was  no  relationship  between  birth  size  and 
breast  cancer  risk  in  later  life  (dos  Santos  Silva  et  al,  2008).  The 
differential  actions  of  IGF  1  and  IGF  2  in  embryonic  life  could 
be  explained  by  the  fact  that  both  IGFs  are  known  to  bind  to  the 
signalling  IGF  1  receptor,  whereas  IGF  2  also  binds  to  the  non 
signalling  IGF  2  receptor  (Ong  et  al,  2000). 

Irrespectively  of  the  underlying  physiologic  mechanisms,  the 
difference  in  birth  size  between  Caucasian  and  Asian  newborn  can 
account  for  only  a  small  fraction  of  the  differences  in  breast  cancer 
incidence.  However,  the  fact  that  endocrine  perinatal  influences  on 
birth  size  are  evident  mostly,  or  exclusively,  among  newborn  of 
taller  women  (Table  3)  may  explain  the  sharp  contrast  in  breast 
cancer  incidence  between  Caucasian  and  Asian  women  birth  size 
is  positively  associated  with  adult  height  (Michels  et  al,  2006)  and, 
over  successive  generations,  improved  nutrition,  leading  to 
increased  adult  body  size,  might  reduce  constraints  on  foetal 
growth  and  birth  size  (Wen  et  al,  1995;  Lagiou  et  al,  2003),  which 
in  turn  affects  adult  height.  The  cycle  tends  to  repeat  itself,  notably 
over  consecutive  generations  of  Asians  migrating  to  the  west,  who 
show  a  gradual  increase  of  breast  cancer  incidence  (Lagiou  et  al, 
2003;  Lagiou  and  Trichopoulos,  2008).  Changes  in  age  at  first 
pregnancy,  parity,  and  lactation  also  play  a  role  in  the  increases  of 
breast  cancer  among  Asian  migrants  to  western  countries 
(Haenszel  and  Kurihara,  1968;  Buell,  1973;  Ziegler  et  al,  1993). 
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Background:  Breast  cancer  is  less  common  in  China  than  in  the  United  States  and  perinatal  characteristics  predict 
breast  cancer  risk  in  the  offspring.  We  determined  levels  of  pregnancy  hormones  in  Boston  and  Shanghai  to  identify 
those  possibly  involved  in  the  intrauterine  origin  of  breast  cancer. 

Participants  and  methods:  We  compared  maternal  and  cord  blood  levels  of  estradiol,  estriol,  testosterone, 
progesterone,  prolactin,  insulin-like  growth  factors  (IGF)  1  and  2,  insulin-like  growth  factor-binding  protein  3, 
adiponectin  and  sex  hormone-binding  globulin  (SHBG)  in  241  Caucasian  and  295  Chinese  women. 

Results:  In  both  centers,  hormone  levels  at  the  16th  were  predictive  of  those  at  the  27th  gestational  week,  but  there 
was  little  correlation  between  maternal  and  cord  blood  levels.  In  cord  blood,  we  found  significantly  (P  <  0.01)  higher 
levels  of  estradiol  (44.2%),  testosterone  (54.5%),  IGF-2  (22.7%)  and  strikingly  SFIBG  (104.6%)  in  Shanghai  women, 
whereas  the  opposite  was  true  for  IGF-1  (  36.8%). 

Conclusions:  Taking  into  account  the  current  understanding  of  the  plausible  biological  role  of  the  examined 
endocrine  factors,  those  likely  to  be  involved  in  the  intrauterine  origin  of  breast  cancer  are  SFIBG  and  IGF-2,  with 
higher  cord  blood  levels  among  Chinese,  and  IGF-1 ,  with  higher  cord  blood  levels  among  Caucasian  women. 

Key  words:  breast  cancer,  cord  blood,  hormones,  IGF,  pregnancy,  SFIBG 


introduction 

The  hypothesis  that  perinatal  factors  affect  breast  cancer  risk 
was  formally  articulated  in  the  early  1990s  [1],  Since  then,  the 
accumulated  evidence  has  linked  two  important  perinatal 
factors  with  this  risk,  namely  birth  size  [2  5]  and  pregnancy 
toxemia  [3].  The  underlying  biological  mechanisms  are  not 
known,  but  the  endocrine  environment  during  the  perinatal 
period  is  thought  to  influence  the  risk  of  breast  cancer  in 
adulthood  [6  10] .  Our  goal  was  to  harvest  information  on  early 
life  endocrine  factors  which  could  account  for  the  sharply 
higher  incidence  of  breast  cancer  among  Caucasian  women  in 
United  States  compared  with  Chinese  women  in  China.  To  that 
end,  we  have  determined  levels  of  hormones  with 
mammotropic  potential  in  the  maternal  serum  as  well  as  the 
cord  blood,  in  pregnancies  of  Caucasian  women  in  Boston, 
USA  and  Chinese  women  in  Shanghai,  China.  Although  some 
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results  from  this  project  have  been  previously  reported  [6,  11, 
12],  this  paper  presents  new  data  on  several  additional 
hormones  as  well  as  an  integrated  picture  of  maternal  and  cord 
blood  hormone  levels  in  the  two  populations  with  contrasting 
breast  cancer  incidence. 

materials  and  methods 

subjects 

From  March  1994  to  October  1995,  all  pregnant  women 
coming  for  their  first  routine  prenatal  visit  to  the  collaborating 
maternity  clinics  of  the  Beth  Israel  hospital  in  Boston,  USA,  and 
the  Shanghai  Medical  University  in  China  were  met  by 
authorized  health  professionals,  who  ascertained  the  woman’s 
eligibility  to  participate,  explained  to  her  the  objectives  of  the 
study  and  obtained  informed  consent  [6].  A  total  of  402 
Caucasian  women  in  Boston,  USA,  and  424  Asian  women  in 
Shanghai,  China,  were  identified.  The  study  was  approved  by 
the  Institutional  Review  Boards  of  the  Beth  Israel  Hospital, 
Shanghai  Medical  University  and  Harvard  School  of  Public 
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Health.  Eligibility  criteria  included  age  <40  years  old, 
a  maximum  parity  of  two,  absence  of  a  prior  diagnosis  of 
diabetes  mellitus  or  thyroid  disease,  no  hormonal  medication 
during  the  index  pregnancy  and  no  known  fetal  abnormality. 
The  maximum  parity  of  two  criterion  was  imposed  by  the 
one  child  policy  implemented  in  China  and  the  need  for 
comparability  of  the  two  cohorts. 

Of  the  402  eligible  women  in  Boston,  77  refused  to 
participate  in  one  or  more  aspects  of  the  study,  9  were 
subsequently  excluded  because  of  a  spontaneous  or  induced 
abortion  in  the  index  pregnancy,  2  were  excluded  because  of 
twin  birth,  whereas  10  were  lost  to  follow  up  after  the  initial 
meeting.  Of  the  remaining  304  women,  we  excluded  35  women 
with  gestational  age  below  37  or  above  42  weeks,  16  additional 
women  with  pregnancy  toxemia  and  another  12  women  with 
missing  information.  Eventually,  241  Caucasian  women  were 
considered  in  the  present  analysis.  Additional  exclusions  were 
necessary  due  to  limited  availability  of  biological  samples  for 
some  pregnancies. 

Of  the  424  eligible  women  in  Shanghai,  15  refused  to 
participate  in  one  or  more  aspects  of  the  study,  2  women  were 
excluded  owing  to  induced  abortion  in  the  index  pregnancy 
and  another  two  because  of  twin  birth,  whereas  7  women  were 
lost  to  follow  up  leaving  a  total  of  398  women.  For  59  of  those, 
no  blood  collection  was  accomplished.  Of  the  remaining  339 
women,  we  excluded  44  women  who  had  gestation  duration 
outside  the  range  of  37  42  weeks  inclusive.  There  were  no 
Asian  women  with  preeclampsia.  Eventually,  295  Asian  women 
were  considered  in  the  present  analysis.  Additional  exclusions 
were  necessary  due  to  limited  availability  of  biological  samples 
for  some  pregnancies.  It  is  noteworthy  that,  although 
exclusions  were  numerous,  they  were  done  for  technical  or 
administrative  reasons,  so  their  consequence  is  reduction  of 
statistical  power  but  not  introduction  of  bias.  Exclusions  that 
could  theoretically  affect  validity  were  those  generated  by  losses 
to  follow  up  and  these  were  minimal  (2.5%  for  women  in 
Boston  and  1.7%  for  women  in  Shanghai). 

baseline  data  and  laboratory  measurements 

Baseline  sociodemographic  and  lifestyle  information  was 
recorded  in  interviews  at  the  16th  and  the  27th  gestational  week 
visit  of  the  women  to  the  clinic.  Information  about  medical 
conditions  was  abstracted  from  the  women’s  medical  records. 
At  delivery,  additional  information  concerning  the  newborn, 
including  duration  of  gestation  and  birth  size  parameters,  was 
recorded.  Detailed  information  concerning  the  study  protocol 
and  implementation  has  been  published  [6]. 

During  the  visits  to  the  maternity  clinics  at  the  16th  and  the 
27th  gestational  week,  10  ml  of  venous  blood  was  drawn  from 
every  woman  at  each  visit.  At  delivery,  cord  blood  was  also 
collected.  All  blood  samples  were  collected  into  sterile  tubes 
without  preservatives  and  stored  at  4°C  for  up  to  24  h  until 
centrifugation.  Samples  were  then  centrifuged,  and  the  serum 
was  aliquoted  and  stored  for  hormonal  assays  at  80°C.  In 
Shanghai,  blood  samples  were  transported  in  a  cooler  to 
a  laboratory  near  Shanghai  Medical  University.  Serum  aliquots 
were  stored  at  20°C  for  5  7  days  in  the  laboratory  before 
being  transported  to  Shanghai  Medical  University  and  stored 
at  80°C.  All  samples  were  shipped  by  air  on  dry  ice  to  Boston 


where  they  were  stored  at  80°C  together  with  the  samples 
from  Boston. 

Levels  of  estradiol  (E2),  estriol  (E3),  progesterone,  sex 
hormone  binding  globulin  (SHBG),  testosterone,  adiponectin, 
insulin  like  growth  factor  1  (IGF  1)  and  insulin  like  growth 
factor  binding  protein  3  (IGFBP3)  were  measured  in  both  the 
maternal  sera  and  the  cord  blood.  Prolactin  was  measured  only 
in  maternal  sera  and  insulin  like  growth  factor  2  (IGF  2)  only 
in  cord  blood. 

Measurements  were  conducted  in  two  time  periods. 
Maternal  levels  of  E2,  E3,  SHBG,  progesterone  and  prolactin 
were  measured  in  the  late  1990s  at  the  Department  of  Clinical 
Chemistry  of  the  Uppsala  University  Hospital  in  Sweden  [6], 
whereas  maternal  levels  of  testosterone,  adiponectin,  IGF  1  and 
IGFBP3  as  well  as  all  hormone  levels  in  cord  blood  were 
measured  in  2006  at  the  ILAT  Steroid  RIA  Laboratory  of  the 
University  of  Massachusetts  Medical  School.  Measurements  per 
each  hormone  were  conducted  simultaneously  for  samples 
from  Boston  and  Shanghai. 

Maternal  estradiol  17b  was  measured  with  a  time  resolved 
competitive  solid  phase  fluoroimmunoassay  (AutoDELFIA 
Estradiol  Kit;  Wallac  Oy,  Turku,  Finland),  with  laboratory 
imprecision  4.6%  ±  0.8%.  Maternal  unconjugated  E3  was 
measured  with  a  similar  time  resolved  competitive  solid  phase 
fluoroimmunoassay  method  (AutoDELFIA  Unconjugated 
Oestriol  Kit;  Wallac  Oy),  with  laboratory  imprecision 
8.0%  ±  1.8%.  Maternal  SHBG  was  measured  with 
a  time  resolved  noncompetitive  solid  phase  sandwich 
fluoroimmunoassay  (AutoDELFIA  SHBG  Kit;  Wallac  Oy),  with 
laboratory  imprecision  4.8%  ±  1.3%.  Maternal  progesterone 
was  measured  with  a  time  resolved  competitive  solid  phase 
fluoroimmunoassay  (AutoDELFIA  Progesterone  Kit;  Wallac 
Oy),  with  laboratory  imprecision  1.7%  ±  0.9%.  Maternal 
prolactin  was  measured  with  a  time  resolved  noncompetitive 
solid  phase  sandwich  fluoroimmunoassay  (AutoDELFIA 
Prolactin  Kit;  Wallac  Oy),  with  laboratory  imprecision 
3.0%  ±  0.3%.  Maternal  and  cord  blood  testosterone  was 
measured  by  radioimmunoassay  kits  from  Diagnostic  Products 
Corporation  (DPC,  Los  Angeles,  CA),  with  inter  and  intra 
assay  coefficients  of  variation  (CVs)  of  8.9%  and  5.6%, 
respectively.  Maternal  and  cord  blood  adiponectin  was 
measured  by  radioimmunoassay  (Linco  Research,  St.  Charles, 
MO)  with  inter  and  intra  assay  CV  of  7.2%  and  4.7%, 
respectively.  Maternal  and  cord  blood  IGF  1  and  IGFBP3  as 
well  as  cord  blood  IGF  2  were  measured  by  coated  tube 
immunoradiometric  assay  kits  (Diagnostic  System 
Laboratories,  Inc.,  Webster,  TX).  The  laboratory  estimated 
inter  and  intra  assay  CVs  were,  respectively,  9.0%  and  3.3% 
for  IGF  1;  8.0%  and  4.8%  for  IGFBP3  and  5.9%  and  3.4%  for 
IGF  2.  There  was  no  detectable  cross  reactivity  of  the  IGF  1 
assay  with  IGF  2  according  to  the  manufacturer’s  specificity 
assessment.  Cord  blood  E2  was  measured  by 
radioimmunoassay  using  kits  from  DPC  (Los  Angeles,  CA). 
The  inter  assay  CV  was  6.8%  and  the  intra  assay  CV  was  3.4%. 
Cord  blood  unconjugated  E3,  progesterone  and  SHBG  were 
measured  using  chemiluminescent  immunoassay 
methodologies  from  DPC  (Los  Angeles,  CA).  The  inter  assay 
CVs  were  9.2%,  7.9%  and  4.8%  and  the  intra  assay  CVs  were 
6.6%,  6.3%  and  2.0%,  respectively. 
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statistical  analyses 

The  statistical  analyses  were  conducted  using  the  SPSS 
statistical  package  (Statistical  Package  for  Social  Sciences 
v.  16.0,  Chicago,  IL).  At  first,  we  distributed  Caucasian  and 
Chinese  women  by  maternal  offspring  characteristics  and  we 
estimated  the  mean  values,  standard  deviations,  as  well  as 
percentiles  of  the  studied  endocrine  compounds  measured  in 
maternal  sera  at  the  16th  and  27th  gestational  weeks  and  in  the 
cord  blood.  We  also  calculated  three  Spearman  correlation 
coefficients  for  each  endocrine  compound,  between  the  16th 
week  maternal  sera  measurement,  the  27th  week  maternal  sera 
measurement  and  the  cord  blood  measurement.  Finally,  we 
used  multiple  regression  to  compare  log  transformed  cord 
blood  and  maternal  serum  hormone  levels  measured  at  the  16th 
and  27th  gestational  week  between  Boston  (referent)  and 
Shanghai,  controlling  for  maternal  age,  maternal  height,  body 
mass  index  (BMI)  before  pregnancy  and  weight  gain,  as  well  as 
parity,  duration  of  gestation,  exact  gestational  week  for 
maternal  sampling  and  gender  of  offspring. 

results 

The  characteristics  of  women  and  their  singleton  offspring  in 
Boston,  MA,  USA,  and  Shanghai,  China  are  shown  in  Table  1. 
In  comparison  to  women  in  Boston,  women  in  Shanghai  were 
younger,  of  shorter  stature,  with  lower  prepregnancy  BMI  and 
generally  primiparous  (on  account  of  the  one  child  policy  in 
China),  whereas  their  offspring  were  more  frequently  boys  and 
of  lower  birth  weight.  These  factors  were  accounted  for  in 
comparisons  of  hormones  between  centers. 

Tables  2  and  3  present  central  values  and  measures  of 
dispersion  for  maternal  hormones  at  around  the  16th  and  the 
27th  gestational  week,  respectively,  in  Boston,  USA,  and 
Shanghai,  China.  In  both  centers,  values  of  estradiol,  estriol. 

Table  1.  Characteristics  of  women3  and  their  singleton  offspring  in 
Boston,  MA,  USA,  and  Shanghai,  China 


Boston 
( n  =  241) 

Shanghai 
(n  =  295) 

Age  (years) 

31.0  (3.1) 

25.3  (3.7) 

Parity 

1 

143  (59.3) 

290  (98.3) 

2 

98  (40.7) 

5  (1.7) 

Duration  of  gestation  (weeks) 

40.0  (1.2) 

40.0  (1.1) 

Gestational  week  at  first  measurement 

16.7  (1.1) 

17.0  (2.0) 

Gestational  week  at  second  measurement 

27.1  (1.7) 

26.9  (1.5) 

Maternal  weight  gain  until  the  second 

11.5  (4.7) 

8.6  (4.4) 

measurement  (kg) 

Maternal  height  (cm) 

164.3  (6.6) 

160.1  (4.8) 

Prepregnancy  BMI  (kg/m2) 

22.0  (3.0) 

20.0  (2.2) 

Gender  of  offspring 

Male 

128  (53.1) 

175  (59.3) 

Female 

113  (46.9) 

120  (40.7) 

Birth  weight  (g) 

3568.8  (478.7) 

3421.6  (433.0) 

For  continuous  variables,  mean  (SD);  for  categorical  variables,  n  (%). 
“Women  with  pregnancy  duration  between  37  and  42  weeks  and  no 
pregnancy  toxemia. 

BMI,  body  mass  index;  SD,  standard  deviation. 


prolactin,  progesterone  and  IGF  1  tend  to  considerably  increase 
with  the  progression  of  the  pregnancy,  whereas  the  rate  of 
increase  is  lower  for  SHBG  and  IGFBP3  and  even  lower  for 
testosterone.  Adiponectin  does  not  appear  to  increase  between 
the  16th  and  the  27th  gestational  week  and  may  in  fact  be 
declining. 

Table  4  shows  central  values  and  measures  of  dispersion  for 
hormones  in  the  umbilical  cord  blood  in  Boston,  USA,  and 
Shanghai,  China.  Comparisons  of  maternal  hormone  levels 
with  hormone  levels  at  the  umbilical  cord  are  meaningful  only 
with  respect  to  hormones  measured  at  the  same  laboratory  with 
the  same  method  in  maternal  and  cord  blood  (i.e.  testosterone, 
adiponectin,  IGF  1  and  IGFBP3).  In  both  Boston  and 
Shanghai,  in  comparison  to  maternal  blood  levels,  cord  blood 
levels  of  testosterone  and  adiponectin  were  considerably  higher, 
whereas  those  of  IGF  1  and  IGFBP3  were  considerably  lower. 
Notwithstanding  the  different  methods  used  in  maternal  and 
cord  blood,  levels  of  SHBG  in  both  centers  appeared  to  be 
substantially  lower  in  the  umbilical  cord  compared  with 
maternal  blood. 

Spearman  correlation  coefficients  between  the  levels  of  the 
hormones  measured  in  maternal  blood  at  the  16th  and  27th 
gestational  week  and  the  levels  of  these  hormones  in  the  cord 
blood  in  the  two  settings  are  shown  in  Table  5.  Since 
correlation  coefficients  are  dimensionless,  it  is  acceptable  to 
calculate  these  coefficients,  even  when  the  measurements  are 
done  at  different  laboratories  with  different  methods,  provided 
the  rankings  within  laboratories  are  not  very  different.  It  is 
evident  that  the  measured  hormones  track  during  pregnancy, 
so  that  levels  at  the  16th  gestational  week  are  predictive  of  levels 
at  the  27th  gestational  week  and  vice  versa.  The  correlations 
are  strong  with  respect  to  SHBG,  estradiol  and  testosterone; 
modest  with  respect  to  progesterone  and  adiponectin  and  weaker 
with  respect  to  estriol,  IGF  1  and  IGFBP3.  In  contrast,  there  was 
little  or  no  correlation  between  hormone  levels  in  maternal 
blood  and  levels  of  these  hormones  in  cord  blood. 

In  Table  6,  the  levels  of  hormones  measured  in  maternal 
blood  at  the  16th  and  27th  gestational  week  and  in  the  cord 
blood  are  compared  between  Boston  (reference)  and  Shanghai. 
Differences  are  evident  between  centers  for  most  of  the 
hormones  in  maternal  blood  or  in  the  cord  blood.  In  maternal 
sera,  levels  of  estriol  and  prolactin  (during  both  the  16th  and 
27th  gestational  week)  as  well  as  estradiol  and  IGFBP3  (only 
during  the  16th  gestational  week),  and  testosterone  (only 
during  the  27th  gestational  week)  were  significantly  higher  in 
Shanghai  than  in  Boston,  whereas  the  opposite  was  true  for 
levels  of  IGF  1  and  adiponectin  (during  both  the  16th  and  27th 
gestational  week)  as  well  as  progesterone  (only  during  the 
27th  gestational  week);  no  significant  differences  were  evident 
between  the  two  centers  with  respect  to  SHBG  at  either 
gestational  week.  In  the  cord  blood,  levels  of  estradiol, 
testosterone,  IGF  2,  IGFBP3  and  most  strikingly  SHBG  were 
significantly  higher  in  Shanghai,  whereas  the  opposite  was  true 
for  levels  of  adiponectin  and  IGF  1. 

discussion 

We  have  studied  singleton  pregnancies  and  offspring  of 
Caucasian  women  in  Boston,  USA,  and  Chinese  women  in 
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Table  2.  Maternal  serum  levels  of  the  indicated  hormones  at  around  the  16th  gestational  week  in  Boston,  USA  ( n  =  232a),  and  Shanghai,  China  in  =  279a) 


Mean 

SD 

Percentiles 

5% 

25% 

50% 

75% 

95% 

Boston 


Estradiol  (ng/ml) 

3.8 

1.8 

1.9 

2.6 

3.5 

4.6 

7.1 

Estriol  (ng/ml) 

1.1 

0.5 

0.5 

0.8 

1.0 

1.3 

2.1 

SHBG  (nmol/1) 

362.9 

89.6 

219.0 

298.1 

360.6 

423.0 

524.9 

Prolactin  (pg/1) 

43.9 

25.1 

15.7 

27.4 

38.4 

54.3 

86.8 

Progesterone  (ng/ml) 

41.7 

9.9 

27.3 

34.2 

41.1 

47.7 

59.5 

Testosterone  (ng/ml) 

0.6 

0.4 

0.2 

0.4 

0.5 

0.8 

1.2 

Adiponectin  (pg/ml) 

17.6 

8.1 

8.0 

12.3 

15.7 

21.4 

34.4 

IGF  1  (ng/ml) 

192.7 

83.2 

70.8 

126.0 

194.0 

247.0 

331.4 

IGFBP3  (ng/ml) 

6481.1 

2508.5 

3633.2 

4157.0 

6208.0 

8691.0 

10415.2 

Shanghai 

Estradiol  (ng/ml) 

5.5 

2.5 

2.4 

3.7 

4.9 

6.8 

11.0 

Estriol  (ng/ml) 

1.8 

1.0 

0.6 

1.1 

1.5 

2.1 

3.7 

SHBG  (nmol/1) 

427.0 

91.7 

272.6 

371.3 

422.6 

487.2 

586.9 

Prolactin  (pg/1) 

62.5 

33.1 

22.1 

40.3 

57.9 

78.4 

125.6 

Progesterone  (ng/ml) 

44.6 

10.8 

27.6 

37.1 

43.7 

51.2 

64.7 

Testosterone  (ng/ml) 

0.6 

0.3 

0.2 

0.4 

0.6 

0.7 

1.3 

Adiponectin  (pg/ml) 

15.9 

7.1 

7.4 

11.0 

14.7 

18.7 

29.5 

IGF  1  (ng/ml) 

139.3 

72.0 

23.0 

95.0 

131.0 

177.0 

259.0 

IGFBP3  (ng/ml) 

6833.3 

2094.4 

3783.0 

4885.0 

6974.0 

8343.0 

10233.0 

dFor  certain  hormones,  slightly  fewer  number  of  samples  (<10%) 

were  available  for 

analysis. 

[GF  1,  insulin  like  growth  factor  1;  IGFBP3,  insulin  like  growth  factor  binding  protein  3;  SD,  standard  deviation;  SHBG, 

sex  hormone  binding  globulin. 

Table  3.  Maternal  serum 

levels  of  the  indicated  hormones  at  around  the  27th  gestational  week  in  Boston,  USA  ( n  =  225a),  and  Shanghai,  China  (n 

=  281a) 

Mean 

SD 

Percentiles 

5% 

25% 

50% 

75% 

95% 

Boston 

Estradiol  (ng/ml) 

10.8 

4.8 

5.2 

7.6 

10.0 

12.9 

18.9 

Estriol  (ng/ml) 

4.1 

1.3 

2.2 

3.1 

3.9 

4.7 

6.7 

SHBG  (nmol/1) 

428. 

111.8 

258.2 

348.9 

420.2 

500.1 

646.4 

Prolactin  (pg/1) 

92.4 

36.7 

42.1 

65.8 

89.9 

111.7 

147.5 

Progesterone  (ng/ml) 

82.0 

20.7 

52.4 

66.4 

78.8 

96.2 

117.1 

Testosterone  (ng/ml) 

0.7 

0.3 

0.3 

0.4 

0.6 

0.8 

1.2 

Adiponectin  (pg/ml) 

15.8 

7.3 

7.4 

10.8 

14.0 

19.8 

28.3 

IGF  1  (ng/ml) 

238.4 

110.1 

87.3 

160.0 

231.5 

302.8 

442.2 

IGFBP3  (ng/ml) 

6818.2 

2647.9 

3678.7 

4301.5 

6878.0 

8800.0 

11275.8 

Shanghai 

Estradiol  (ng/ml) 

13.1 

5.0 

7.6 

9.9 

12.2 

15.3 

22.3 

Estriol  (ng/ml) 

6.4 

2.8 

3.4 

4.7 

5.9 

7.3 

10.3 

SHBG  (nmol/1) 

475.4 

123.7 

297.5 

389.4 

454.3 

543.8 

714.7 

Prolactin  (pg/1) 

115.9 

38.0 

61.7 

90.0 

112.1 

138.0 

185.8 

Progesterone  (ng/ml) 

78.3 

25.9 

49.5 

62.3 

74.1 

86.0 

129.7 

Testosterone  (ng/ml) 

0.8 

0.4 

0.4 

0.5 

0.7 

0.9 

1.4 

Adiponectin  (pg/ml) 

12.0 

5.1 

5.9 

8.5 

10.9 

14.2 

22.1 

IGF  1  (ng/ml) 

206.1 

85.9 

87.2 

140.0 

194.0 

260.0 

371.6 

IGFBP3  (ng/ml) 

6385.9 

2465.1 

3425.6 

4075.0 

6182.0 

8570.0 

10229.3 

aFor  certain  hormones,  slightly  fewer  number  of  samples  (<12%)  were  available  for  analysis. 

IGF  1,  insulin  like  growth  factor  1;  IGFBP3,  insulin  like  growth  factor  binding  protein  3;  SD,  standard  deviation;  SHBG,  sex  hormone  binding  globulin. 


Shanghai,  China,  and  we  determined  a  range  of  maternal  blood 
hormones  at  the  16th  and  27th  gestational  week,  as  well  as  in 
umbilical  cord  blood.  We  have  established  levels  and  the  range 
of  variation  of  the  measured  hormones  in  Caucasian  and 


Chinese  women  and  we  have  examined  the  possible 
concordance  of  the  relative  levels  of  these  hormones  with  the 
sharp  ecological  contrast  in  the  two  populations  with  respect  to 
breast  cancer  incidence.  Results  concerning  maternal  levels  of 
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Table  4.  Cord  serum  levels  of  the  indicated  hormones  in  Boston,  USA  (n  =  92),  and  Shanghai,  China  (n  =  110) 


SHBG,  sex  hormone  binding  globulin;  IGF,  insulin  like  growth  factor;  IGFBP3,  insulin  like  growth  factor  binding  protein  3. 


estrogens,  SHBG,  prolactin  and  progesterone  have  been  blood  levels  as  more  relevant  to  the  fetal  endocrine 


previously  published  [6],  as  have  results  concerning  umbilical 
cord  blood  levels  of  IGF  1,  IGF  2  and  IGFBP3  [12].  In  contrast, 
hormone  determinations  conducted  in  the  ILAT  Steroid  RIA 
Laboratory  of  the  University  of  Massachusetts  Medical  School 
for  maternal  testosterone,  adiponectin,  IGF  1  and  IGFBP3  as 
well  as  cord  blood  estradiol,  estriol,  SHBG,  progesterone, 
testosterone  and  adiponectin  have  not  been  previously 
reported.  Certain  cord  blood  hormones  were  also 
measured  in  a  different  laboratory  in  smaller  subsamples  of  the 
studied  pregnancies  [11];  no  significant  differences  were 
noted  with  respect  to  cord  blood  levels  of  estradiol,  estriol 
and  IGF  1,  whereas,  in  line  with  the  findings  of  the 
present  study,  cord  blood  levels  of  testosterone  and  IGFBP3 
were  significantly  higher  among  Chinese  compared  with 
Caucasian. 

In  addition  to  providing  reliable  data  about  the  normal 
variations  of  the  examined  endocrine  compounds  in  the  two 
populations,  this  study  allows  examination  of  the  correlations 
between  the  indicated  hormones  in  the  maternal  blood  at  the 
16th  and  27th  gestational  week  and  in  the  cord  blood  in  the  two 
settings  (Table  5).  Levels  of  the  hormones  at  the  16th 
gestational  week  were  predictive  of  levels  at  the  27th  gestational 


environment  and  the  possible  long  term  breast  cancer  risk  of 
the  offspring. 

In  adult  life,  estrogens  and  testosterone  have  been 
consistently  positively  associated  with  breast  cancer  risk  [13]. 
Both  maternal  and  cord  blood  levels  of  estradiol,  estriol  and 
testosterone,  however,  were  higher  in  Shanghai  than  in  Boston 
by  anywhere  between  0.9%  and  54.5%  (Table  6).  Thus,  levels  of 
these  pregnancy  hormones  by  themselves  are  unlikely  to  be 
critical  actors  in  the  intrauterine  origin  of  breast  cancer  since,  if 
anything,  they  are  higher  in  the  population  with  substantially 
lower  breast  cancer  incidence.  In  contrast,  levels  of  SHBG  were 
sharply  higher  in  the  cord  blood  of  women  in  Shanghai 
(by  104.64%),  raising  the  possibility  that  these  high  levels  in 
Chinese  women  may  reduce  the  bioavailability  of  active 
endogenous  estrogens  and  testosterone  in  the  fetus.  In  adult 
life,  SHBG  in  relation  to  breast  cancer  has  been  studied  mainly 
as  a  modulator  of  the  effects  of  estradiol  and  testosterone  [14], 
but  there  is  also  evidence  that  high  levels  of  this  compound  may 
be  more  directly  associated  with  a  reduction  in  breast  cancer 
risk  [15]. 

With  respect  to  progesterone  in  adult  life,  results  on  its 
association  with  breast  cancer  risk  have  been  inconsistent  [13], 


week  and  vice  versa,  whereas  there  was  little  or  no  correlation 
between  hormone  levels  in  maternal  blood  and  levels  of  these 
hormones  in  cord  blood. 

We  have  attempted  to  interpret  our  findings  in  light  of  the 
considerably  higher  incidence  of  breast  cancer  in  Caucasian 
compared  with  Chinese  women,  taking  into  account  what  is 
currently  known  about  the  role  of  these  hormones  in  breast 
cancer  etiology  [13].  We  have  considered  differences  in  cord 


with  some  studies  suggesting  an  inverse  association  [16]  and 
others  indicating  no  association  [17].  For  prolactin,  the 
evidence  points  to  a  positive  association  of  adult  life  levels 
with  breast  cancer  risk  [18],  whereas  for  adult  life 
adiponectin,  the  reported  results  indicate  an  inverse  association 
with  this  risk  [19,  20].  In  our  study,  maternal  and  cord 
blood  progesterone  and  adiponectin  levels  were,  if 
anything,  lower,  whereas  maternal  prolactin  levels  were 
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Table  5.  Spearman  correlation  coefficients  between  maternal  serum 
levels  of  the  indicated  hormones  at  the  16th  and  27th  gestational  week 
and  levels  of  these  hormones  in  the  cord  blood  in  Boston,  USA,  and 
Shanghai,  China 


Boston 

Shanghai 

Maternal  serum  measurement  at  weeks  16  and  27 

Estradiol 

0.72** 

0.61** 

Estriol 

0.37** 

0.20* 

SHBG 

0.85** 

0.67** 

Progesterone 

0.45** 

0.39** 

Testosterone 

0.83** 

0.62** 

Adiponectin 

0.46** 

0.44** 

IGF  1 

0.25** 

0.32** 

IGFBP3 

0.16* 

0.32** 

Maternal  serum  measurement  at  weeks  16  with  cord  blood  measurement 

Estradiol 

0.09 

0.15 

Estriol 

-0.04 

-0.06 

SHBG 

0.09 

-0.09 

Progesterone 

-0.001 

0.03 

Testosterone 

-0.001 

0.05 

Adiponectin 

0.18 

-0.12 

IGF  1 

0.02 

-0.02 

IGFBP3 

0.19 

0.01 

Maternal  serum  measurement  at  weeks  27  with  cord  blood  measurement 

Estradiol 

0.17 

0.12 

Estriol 

0.22* 

0.00 

SHBG 

0.03 

-0.12 

Progesterone 

0.09 

0.06 

Testosterone 

0.16 

0.17 

Adiponectin 

0.06 

-0.20* 

IGF  1 

0.18 

0.29* 

IGFBP3 

-0.02 

-0.04 

*P  <  0.05;  **P  <  0.001. 

SHBG,  sex  hormone  binding  globulin;  IGF  1,  insulin  like  growth  factor  1; 
IGFBP3,  insulin  like  growth  factor  binding  protein  3. 


higher,  among  Chinese  compared  with  Caucasian  women, 
sharply  reducing  the  likelihood  that  any  of  these  three 
hormones  plays  a  major  role  in  the  intrauterine  origin  of 
breast  cancer. 

Adult  life  IGF  1  has  been  positively  associated  with  breast 
cancer  risk  [21]  and  there  is  limited  evidence  that  adult  life 
IGF  2  may  be  inversely  associated  with  this  risk  [22]. 
Because  IGF  1  is  substantially  and  significantly  higher  in 
maternal  sera,  and  particularly  in  cord  blood,  among 
Caucasian  women  in  the  United  States,  whereas  the  opposite 
is  true  with  respect  to  cord  blood  levels  of  IGF  2,  it  appears 
that  these  two  components  of  the  IGF  system  have  distinct 
roles  and  that  the  balance  of  IGF  1  and  IGF  2  in  cord  blood 
may  be  a  key  early  life  determinant  of  adult  life  breast  cancer 
risk. 

Strengths  of  our  study  are  its  longitudinal  design, 
considerable  sample  size,  measurement  of  a  wide  range  of 
hormones  and  the  implementation  of  an  identical  protocol  in 
two  population  groups  with  sharply  different  breast  cancer 
incidence  rates,  allowing  meaningful  ecological  contrasts.  A 
weakness  of  the  study  is  that  hormone  determinations  were 
done  in  two  laboratories,  but  all  comparisons  between 
centers  were  for  measurements  undertaken  at  the  same 
laboratory. 

In  conclusion,  our  study  provides  central  values  and 
measures  of  variation  of  a  range  of  hormones  during 
pregnancy  in  maternal  and  cord  blood  in  Caucasian  women 
in  Boston  and  Chinese  women  in  Shanghai.  Taking  into 
account  the  lower  incidence  of  breast  cancer  among  Chinese 
compared  with  Caucasian  women  and  our  current 
understanding  of  the  role  of  the  examined  hormones  in  breast 
cancer  risk,  the  endocrine  factors  likely  to  be  involved  in  the 
intrauterine  origin  of  breast  cancer  in  the  offspring  are 
SHBG  and  IGF  2,  with  higher  cord  blood  levels  among 
Chinese,  and  IGF  1,  with  higher  cord  blood  levels  among 
Caucasian  women. 


Table  6.  Comparison  (%)a  of  the  indicated  hormones  in  maternal  blood  at  the  16th  and  27th  gestational  week  and  in  the  cord  blood  between  Boston, 
USA  (reference),  and  Shanghai,  China 


16th  gestational  weekb 

27th  gestational  weekb 

Cord  bloodc 

Shanghai  versus  Boston 

P 

Shanghai  versus  Boston 

P 

Shanghai  versus  Boston 

P 

Estradiol  (ng/ml) 

23.0  (10.9,  36.5) 

<0.001 

7.2  (-2.1,  17.3) 

0.127 

44.2  (12.5,  84.8) 

0.004 

Estriol  (ng/ml) 

34.9  (22.2,  49.0) 

<0.001 

42.9  (31.7,  55.0) 

<0.001 

2.6  (-13.2,  21.2) 

0.775 

SHBG  (nmol/1) 

4.2  (-1.7,  10.5) 

0.170 

-0.5  (-6.6,  6.0) 

0.888 

104.6  (47.2,  184.5) 

<0.001 

Prolactin  (pg/1) 

30.3  (14.9,  47.9) 

<0.001 

18.3  (8.1,  29.5) 

<0.001 

Progesterone  (ng/ml) 

-3.2  (-8.7,  2.7) 

0.274 

OO 

1 

SO 

T 

d 

T 

0.001 

-20.4  (-40.1,  5.8) 

0.120 

Testosterone  (ng/ml) 

0.9  (-10.7,  14.0) 

0.895 

13.8  (1.3,  27.4) 

0.023 

54.5  (22.2,  95.4) 

<0.001 

Adiponectin  (pg/ml) 

-11.5  (-20.2,  -1.8) 

0.022 

-23.8  (-31.3,  -15.5) 

<0.001 

-26.9  (-43.0,  -6.3) 

0.015 

IGF  1  (ng/ml) 

-36.9  (-45.4,  -27.10) 

<0.001 

-14.9  (-24.7,  -3.9) 

0.011 

-36.8  (-52.2,  -16.3) 

0.002 

IGF  2  (ng/ml) 

22.7  (9.2,  38.0) 

0.001 

IGFBP3  (ng/ml) 

12.2  (2.52,  22.80) 

0.013 

0.5  (-9.0,  11.0) 

0.937 

33.7  (0.1,  78.4) 

0.049 

JHormone  levels  were  log  transformed;  the  coefficient  expresses  %  difference  between  centers. 

bControlling  for  maternal  age,  BMI,  height  and  weight  gain,  parity,  duration  of  gestation,  exact  gestational  week  and  gender  of  offspring. 

‘Controlling  as  in  footnote  b  except  for  exact  gestational  week. 

BMI,  body  mass  index;  IGF,  insulin  like  growth  factor;  IGFBP3,  insulin  like  growth  factor  binding  protein  3;  NA,  not  applicable;  SD,  standard  deviation; 
SHBG,  sex  hormone  binding  globulin. 
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Correlation  of  umbilical  cord  blood  haematopoietic  stem  and 
progenitor  cell  levels  with  birth  weight:  implications  for  a  prenatal 
influence  on  cancer  risk 
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We  examined  the  relation  with  birth  weight  and  umbilical  cord  blood  concentrations  of  haematopoietic  stem  and  progenitor 
populations  in  288  singleton  infants.  Across  the  whole  range  of  birth  weight,  there  was  a  positive  relation  between  birth  weight  and 
CD34  +  CD38~  cells,  with  each  500g  increase  in  birth  weight  being  associated  with  a  15.5%  higher  (95%  confidence  interval:  1.6 
3  1 .3%)  cell  concentration.  CD34+  and  CD34  +  c  k it+  cells  had  j  shaped  relations  and  CFU  GM  cells  had  a  U  shaped  relation  with 
birth  weight.  Among  newborns  with  ^3000g  birth  weights,  concentrations  of  these  cells  increased  with  birth  weight,  while  those 
below  3000  g  had  higher  stem  cell  concentrations  than  the  reference  category  of  3000  3499  g.  Adjustment  for  cord  blood  plasma 
insulin  like  growth  factor  I  levels  weakened  the  stem  and  progenitor  cell  birth  weight  associations.  The  positive  associations 
between  birth  weight  and  stem  cell  measurements  for  term  newborns  with  a  normal  to  high  birth  weight  support  the  stem  cell 
burden  hypothesis  of  cancer  risk. 
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The  in  utero  environment  and  perinatal  factors  may  influence 
cancer  risk  of  the  offspring  later  in  life  (Trichopoulos,  1990).  One 
parameter  that  reflects  in  ufero/perinatal  influences,  that  is  birth 
weight,  has  been  positively  correlated  with  subsequent  risk  of 
childhood  cancer  (Schiiz  and  Forman,  2007)  and,  in  adults,  breast 
(Michels  and  Xue,  2006),  prostate  (Eriksson  et  al,  2007)  and 
colorectal  cancers  (Nilsen  et  al,  2005)  and,  indeed,  overall  cancer 
risk  (Ahlgren  et  al,  2007).  Mechanistically,  a  ‘stem  cell  burden’ 
theory  (Adami  et  al,  1995)  has  been  proposed  to  account  for  the 
positive  relationship  between  birth  weight  and  the  risk  of  certain 
cancers,  especially  that  of  the  breast.  By  this  hypothesis,  the  levels 
of  in  wfero/perinatal  mitogens  and  other  factors  determine  the  size 
of  the  stem  cell  pools  in  the  developing  fetus;  elevated  tissue  stem 
cell  numbers  drive  the  formation  of  larger  organs  and  hence  might 
be  associated  with  larger  birth  weights.  The  greater  the  stem  cell 
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pool  size,  however,  the  greater  the  chance  that  one  of  the  stem  cells 
will  be  mutated  by  a  carcinogen,  or  undergo  a  DNA  replicative 
error,  initiating  oncogenic  transformation.  Hence,  individuals  with 
high  birth  weights  might  be  at  greater  lifetime  cancer  risk 
(Trichopoulos  et  al,  2005). 

The  stem  cell  burden  theory  predicts  (1)  that  the  in  utero  levels 
of  particular  mitogens  should  correlate  positively  with  stem  cell 
population  levels  and  (2)  that  the  stem  cell  levels  should  correlate 
positively  with  birth  weight.  In  a  previous  study,  we  demonstrated 
that  the  umbilical  cord  blood  concentrations  of  various  haemato 
poietic  stem  and  progenitor  populations  correlated  with  cord 
blood  plasma  levels  of  particular  mitogens,  especially  insulin  like 
growth  factor  1  (IGF  1)  (Savarese  et  al,  2007).  Here,  we  determine 
whether  or  not  these  measurable  haematopoietic  stem  cell/ 
progenitor  values,  serving  as  surrogates  of  overall  stem  cell 
potential,  are  positively  associated  with  birth  weight. 


MATERIALS  AND  METHODS 

The  umbilical  cord  blood  study  protocol  was  approved  by  the 
institutional  review  boards  of  the  American  Red  Cross,  the 
University  of  Massachusetts  Medical  School,  the  University  of 
Massachusetts/Memorial  Health  Care  System,  St.  Vincent’s 


Hospital  and  Tufts  New  England  Medical  Center  (T  NEMC). 
Consenting  study  subjects  were  recruited  from  one  of  two  sources: 
(1)  participants  in  the  Worcester,  MA  based  American  Red  Cross 
cord  blood  program  (ACBP),  in  which  a  haematopoietic  stem  cells 
from  umbilical  cord  blood  were  collected  for  possible  transplanta 
tion,  from  August  2002  to  June  2003,  and  (2)  pregnant  women 
delivering  at  T  NEMC  from  October  2004  to  April  2006.  All  the 
cord  blood  samples  were  from  full  term  (gestational  age  15=37 
weeks)  singleton  infants.  The  processing  of  samples,  which 
includes  the  determination  of  cord  blood  volumes,  the  determina 
tion  of  initial  levels  of  total  nucleated  cells  (TNC)  and  mono 
nuclear  cells  (MNC)  before  centrifugations  or  manipulation,  the 
quantitation  of  haematopoietic  stem/progenitor  cell  populations 
and  the  determination  of  cord  blood  plasma  hormone  levels,  have 
been  described  (Savarese  et  al,  2007).  The  haematopoietic  stem 
and  progenitor  populations  that  were  quantitated  (1)  CD34+  cells, 
a  heterogeneous  population  of  early  multipotent  stem  and 
progenitor  cells,  committed  progenitors  and  differentiating  cells 
(Xiao  and  Dooley,  2000);  (2)  CD34  +  CD38~  cells,  which  represent 
more  primitive  stem  cells  depleted  of  lineage  committed  pre 
cursors  (Xiao  and  Dooley,  2000);  (3)  CD34  +  c  kit+  cells,  which 
also  represent  a  more  primitive  stem  cell  population  that  has 
relatively  high  cloning  efficiencies  in  semisolid  culture  (Sharkey 
et  al,  1994;  Mayani  and  Lansdorp,  1998);  and  (4)  granulocyte 
macrophage  colony  forming  units  (CFU  GM),  a  functional 
measure  of  the  number  of  proliferative  granulocyte/macrophage 
committed  haematopoietic  precursor  cells  (Abboud  et  al,  1992; 
Hoffbrand  et  al,  2001). 

Birth  weight  was  first  studied  as  a  categorical  variable  ( <  3000, 
3000  3499,  3500  3999  and  15=4000  g).  Geometric  means  for  the 
stem  cell  measurements  were  estimated  within  the  indicated 
categories  of  birth  weight.  Multivariate  linear  regression  was  used 
to  examine  the  association  between  natural  log  transformed 
measures  of  stem  cell  potential  (dependent  variable)  and  birth 
weight  (independent  variable,  using  3000  3499  g  as  the  reference), 
adjusting  for  maternal  and  neonatal  characteristics  (mother’s  age, 
race  of  parents,  number  of  live  births,  gestation  duration,  baby’s 
gender,  delivery  time  and  study  site).  To  assess  whether  there  was 
an  underlying  linear  trend,  birth  weight  was  next  analyzed  as  a 
continuous  variable  across  the  whole  range  of  birth  weight  values 
with  the  effect  estimates  expressed  for  each  500  g  increase  in  birth 
weight.  The  fitted  coefficients  from  the  regression  analyses  were 
exponentiated  to  obtain  the  estimated  proportional  change  in  birth 
weight  associated  with  each  independent  variable.  Statistical 
significance  was  set  at  0.05  (two  sided).  Levels  of  IGF  1,  which 
had  the  strongest  association  with  levels  of  stem  cells  among  the 
hormones  and  growth  factors  examined  in  a  previous  analysis 
(Savarese  et  al,  2007),  were  further  adjusted  to  explore  its  influence  on 
the  association  between  birth  weight  and  stem  cell  measurements. 


RESULTS 

The  characteristics  of  the  study  subjects  are  shown  in  Table  1. 
Subjects  from  the  ACBP  and  T  NEMC  patient  groups  had  similar 
age  and  gestation  duration.  Parental  ethnicity  was  more  varied  in 
the  T  NEMC  samples,  while  the  ACBP  subjects  had  higher  parities, 
more  male  newborns  and  lower  birth  weights. 

The  associations  were  analysed  in  multivariate  analysis  adjust 
ing  for  maternal  age,  parental  race,  parity,  gestation  duration, 
gender,  delivery  time  and  study  site  (Table  2,  upper  panel).  There 
was  a  J  shaped  association  between  birth  weight  categories  and 
concentrations  of  TNC  (lymphocytes,  monocytes  and  granulo 
cytes),  as  well  as  a  J  shaped  relation  with  MNC  (lymphocytes  and 
monocytes),  both  including  more  differentiated  cells.  Among 
the  stem  cell  populations,  there  was  a  positive  association  with 
CD34  +  CD38~  cells  across  the  whole  range  of  birth  weight 
categories,  with  each  500  g  increase  being  associated  with  15.5% 
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Table  I  Characteristics  of  the  study  subjects  by  study  site 


Characteristics 

ACBP  (n  39) 
Mean  ±  s.d.  or  N  (%) 

T-NEMC  (n  249) 
Mean  ±  s.d.  or  N  (%) 

Mother's  age  (years) 

29.7  ±  5. 1 

30.1  ±5.6 

Parity 

i 

14  (35.9) 

1 04  (45.0) 

2 

1 2  (30.8) 

64  (27.7) 

3 

7  (18.0) 

39  (16.9) 

4  or  more 

6  (15.4) 

24  (10.4) 

Race/ethnicity  of  mother  and  biological  father 

Both  Caucasian 

36  (92.3) 

1  1  (52.4) 

Both  African  American 

1  (2.6) 

9  (9.0) 

Both  Asian 

0  (0.0) 

39  (18.4) 

Both  Hispanic 

0  (0.0) 

1 4  (6.6) 

Mixed 

2(5.1) 

29  (13.7) 

Gestation  duration  (weeks) 

39.6  ±  1.4 

39.6  ±  1.2 

Newborn  gender 

Male 

21  (55.3) 

1  1 3  (50.0) 

Female 

1 7  (44.7) 

1  1 3  (50.0) 

Birth  weight  (g) 

3313.1  ±450.6 

34 1 6.4  ±  428.2 

<3000 

1  1  (28.2) 

40  (16.1) 

3000  3499 

15  (38.5) 

1  1 0  (44.2) 

3500  3999 

1  1  (28.2) 

77  (30.9) 

>4000 

2(5.1) 

22  (8.8) 

Abbreviations:  ACBP  =  American  Red  Cross  Cord  Blood  Program;  I  NtP1C  = 
Tufts  New  England  Medical  Center.  Data  on  some  variables  were  unavailable  for 
subjects  with  missing  values. 


higher  levels  of  this  cell  population  (95%  confidence  interval:  1.6, 
31.3%).  A  J  shaped  relation  was  observed  for  the  CD34+  and 
CD34  +  c  kit+  cells:  for  birth  weights  of  3000  g  or  greater,  stem  cell 
concentrations  increased  with  birth  weight,  while  the  lowest 
category  of  <  3000  g  had  higher  levels  than  the  category  of  3000 
3499  g.  For  CFU  GM,  an  approximate  U  shaped  relation  was 
observed,  with  the  lowest  birth  weight  category  having  the  highest 
levels  of  this  cell  population  (Table  2,  upper  panel). 

Adjusting  for  cord  blood  plasma  levels  of  IGF  1  in  the 
multivariate  analysis  weakens  the  association  (Table  2,  lower 
panel).  The  association  with  CD34  +  CD38~  remained  positive  but 
was  no  longer  statistically  significant:  each  500  g  increase  in  birth 
weight  was  associated  with  a  7.9%  increase  in  this  cell  sub 
population  (95%  confidence  interval:  6.2,  24.0%).  The  lowest 
weight  category  continued  to  have  the  highest  CFU  GM  cells  after 
adjusting  for  IGF  1  levels. 

We  conducted  further  analyses  adjusting  for  other  hormones 
and  in  samples  from  different  ethnic  groups.  Adjusting  for  estriol 
or  insulin  like  growth  factor  binding  protein  3,  which  had 
statistically  significant  but  weaker  associations  with  cord  blood 
levels  of  stem  cells  (Savarese  et  al,  2007),  in  place  of  IGF  1,  had 
much  less  effect  on  the  association  with  birth  weight  (data  not 
shown).  A  linear  relation  between  stem  cell  measurements  and 
birth  weight  was  observed  for  newborns  whose  parents  were 
Caucasian,  but  did  not  have  a  consistent  shape  among  samples  in 
the  mixed  non  Caucasian  group  (Table  3). 


DISCUSSION 

The  stem  cell  burden  hypothesis  has  been  invoked  as  an 
explanation  for  the  positive  link  between  birth  weight  and  risk 
for  both  childhood  and  adult  cancers  (Adami  et  al,  1995).  This 
hypothesis  proposes  that  in  utero  environments  that  promote 
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Table  2  Multiple  linear  regression  analysis  for  the  association  between  measurements  of  haematopoietic  stem  cell  populations  and  birth  weight 


Analytic  model 

Cell 

measurements 

Birth  weight  (g)  in  categories 

Birth  weight  per 
500  g 

%  Difference 
(95%  Cl) 

<3000  % 
Difference 
(95%  Cl) 

3000-3499 

Reference 

(geometric 

mean3) 

3500-3999  % 
Difference 
(95%  Cl) 

>4000  % 
Difference 
(95%  Cl) 

Adjusted  for  core 

TNC 

2.1  (  8.5,  14.0) 

0.0  ( 1 5.00) 

7.8  ( 

1.7,  18.3) 

8.4  (  8.1,  27.8) 

3.0  (  2.5,  8.9) 

covariatesb 

MNC 

5.7  (  6.4,  1 9.3) 

0.0  (6.9 1 ) 

6.5  ( 

3.9,  18.0) 

1 2.5  (  6.2,  34.9) 

2. 1  (  3.9,  8.4) 

CD34+C 

2.4  (  1 9.2,  29.7) 

0.0  (7.04) 

12.5  ( 

8. 1 ,  37.7) 

20.8  (  15.5,72.8) 

9.5  (  2.6,  23.2) 

CD34+CD38d ' 

l.l  (  23.6,  28.1) 

0.0  (3.1  1) 

19.1  ( 

4.3,  48.1) 

47.9  (0.4,  1  17.8) 

15.5  (1.6,  31.3) 

CD34+c  kit* 

13.7  (  1 4.0,  50.4) 

0.0  (5.80) 

18.9  ( 

5.5,  49.6) 

34.2  (  10.4,101.1) 

1 0.0  (  4.0,  26. 1 ) 

CFU  GMe 

37.0  (2.1,  83.8) 

0.0  (4.04) 

29.0  ( 

0. 1 ,  66.6) 

31.4  (  16.2,106.1) 

6. 1  (  8.4,  23.0) 

Adjusted  for  core 

TNC 

0.6  (  10.0,12.5) 

0.0  ( 1 5.00) 

9.7  ( 

0.4,  20.8) 

12.3  (  5.5,33.4) 

4.5  (  1 .5,  1  1 .0) 

covariates  and  IGF  1 

MNC 

4.0  (  8.0,  17.7) 

0.0  (6.9 1 ) 

8.5  ( 

2.5,  20.6) 

16.8  (  3.5,41.4) 

3.7  (  2.9,  10.8) 

CD34+C 

1  1 .0  (  1 2.3,  40.6) 

0.0  (7.04) 

2.5  ( 

16.5,  25.8) 

0.3  (  31 .0,  44.0) 

0.6  (  II  .4,  1 4.2) 

CD34+CD3§  ' 

5.2  (  19.0,36.6) 

0.0  (3.1  1) 

10.9  ( 

1  1.5,  38.8) 

27.6  (  14.7,  90.9) 

7.9  (  6.2,  24.0) 

CD34+c  kit* 

22.8  (  6.9,  62. 1 ) 

0.0  (5.80) 

7.0  ( 

15.3,  35.2) 

10.5  (  26.9,66.9) 

0.7  (  1 2.9,  1 6.4) 

CFU  GMe 

45.6  (8.6,  95.1) 

0.0  (4.04) 

15.5  ( 

1  1.6,  50.9) 

j  .1 .5  (  29.8,77.1) 

1 .7  (  1 6.2,  1 5.3) 

aUnadjusted  geometric  means.  TNC,  initial  total  nucleated  cells  x  I06  per  ml;  MNC,  initial  mononuclear  cells  x  I06  per  ml;  the  unit  for  the  stem  cell  populations  (CD34+, 
CD34+CD38  ,  CD34+c  kit  ' ,  and  CFU  GM)  was  per  1000  MNC.  bCore  covariates  included  mother's  age,  race  of  parents  (both  Caucasian  or  not),  parity,  gestation  duration, 
gender  of  baby  (male  or  female),  delivery  time  (night  or  day)  and  study  site  (ACBP  or  T  NEMC).  cn  =  233  with  complete  information  on  all  the  covariates.  dDetermined  only  in 
the  T  NEMC  derived  samples.  eData  from  the  T  NEMC  derived  samples  on  which  this  assay  was  conducted.  Statistical  significance  of  P<0.05  are  given  in  bold. 


Table  3  Ethnic  specific,  core  covariate  adjusted3  multiple  linear  regression  analysis  for  the  association  between  measurements  of  haematopoietic  stem  cell 
populations  and  birth  weight 


Birth  weight  (g)  in  categories 


Birth  weight  per 
500  g 


3000-3499 


<  3000  % 

Reference 

3500 

-3999  % 

>4000  % 

Stem  cell 

Difference 

(geometric 

Difference 

Difference 

%  Difference 

Ethnicity 

measurements 

(95%  Cl) 

meanb) 

(95%  Cl) 

(95%  Cl) 

(95%  Cl) 

Both  parents 

CD34+ 

1 3.9  (  37.2,  1 8.0) 

0.0  (7.73) 

8.3  ( 

15.2,  38.3) 

37.5  (  11.2,113.1) 

16.6  (0.9,  34.7) 

Caucasian 

CD34+CD38 

1 8.0  (  43.0,  1 7.9) 

0.0  (3.4 1 ) 

14.3  ( 

1 3.7,  5 1 .4) 

80.5  (9.1,  198.7) 

23.8  (4.7,  46.4) 

CD34+c  kit* 

1  1.5  (  40.8,  32.3) 

0.0  (6.44) 

18.4  ( 

1  1 .0,  57.5) 

63.4  (  1 .0,  1 69.5) 

22.9  (3.6,  45.8) 

CFU  GM 

19.3  (  25.9,92.8) 

0.0  (4.0 1 ) 

36.9  ( 

3.4,  94. 1 ) 

40.0  (  25.3,  1 62.5) 

19.7  (  3.3,48.2) 

Either  parent  non 

CD34+ 

28. 4(  12.1,87.6) 

0.0  (6.47) 

19.9  ( 

1 6.6,  72.3) 

0.6  (  46.6,  85.3) 

0.5  (  18.1,23.5) 

Caucasian 

CD34+CD38 

23.2  (  1 6.2,  8 1 .2) 

0.0  (2.84) 

28.2  ( 

10.8,  84.4) 

1 3.5  (  39. 1 ,  1  1  1 .7) 

6.3  (  1 3.8,  3 1 .0) 

CD34+c  kit * 

42. 1  (  6.2,  1  1 5.5) 

0.0  (5.39) 

22.2  ( 

17.2,  80.4) 

9.2  (  43.9,  1  12.6) 

0.4  (  20.4,  24.7) 

CFU  GM 

68.4  (14.0,  148.6) 

0.0  (4.08) 

21.0  ( 

18.1,  78.6) 

24.3  (  37.5,  147.1) 

7.3  (  26.0,  16.1) 

aCore  covariates  included  mother's  age,  parity,  gestation  duration,  gender  of  baby  (male  or  female),  delivery  time  (night  or  day)  and  study  site  (ACBP  or  T  NEMC).  bUnadjusted 
geometric  means.  The  unit  for  the  stem  cell  measurements  was  per  1000  MNC.  Statistical  significance  of  P<0.05  are  given  in  bold. 


expansion  of  stem  cell  pools  result  in  infants  with  high  birth 
weights;  the  larger  the  stem  cell  pool,  the  greater  the  risk  that  one 
of  these  stem  cells  will  undergo  malignant  transformation.  In 
support  of  the  first  tenet  of  this  hypothesis,  we  have  demonstrated 
that  the  concentrations  of  stem  and  progenitor  cell  populations  in 
umbilical  cord  blood,  serving  as  surrogates  for  overall  stem  cell 
potential,  correlate  with  cord  blood  plasma  levels  of  certain 
mitogens,  notably  IGF  1  (Savarese  et  al,  2007).  The  hypothesis  also 
predicts  that  newborns  with  high  birth  weights  should  have 
elevated  stem  cell  populations.  Our  findings  indicate  that  there  is  a 
positive  association  between  birth  weight  and  haematopoietic  stem 
cell  measurements  in  the  cord  blood  samples  among  newborns 
with  normal  to  high  (>3000g)  birth  weights.  This  association  is 
strongest  with  CD34  +  CD38~  cells,  a  relatively  primitive  haema 
topoietic  stem  cell  population.  These  data  are  in  line  with  previous 
studies,  which  showed  a  positive  relationship  between  cord  blood 
CD34+  or  CFU  GM  levels  and  birth  weight  (Shlebak  et  al,  1998; 
Ballen  et  al,  2001;  Aroviita  et  al,  2004). 

However,  in  our  study,  newborns  in  the  lowest  birth  weight 
category  ( <  3000  g)  can  have  higher  levels  of  stem/progenitor  cell 
measurements  than  those  with  3000  3499  g  birth  weight  resulting 


in  a  J  or  U  shaped  relation  between  stem  cell  levels  and  birth 
weight.  This  finding  is  intriguing,  as  J  or  U  shaped  relationships 
have  often  been  observed  in  childhood  cancers  (Schiiz  and 
Forman,  2007)  and  neurological  (Schiiz  et  al,  2001;  Von  Behren 
and  Reynolds,  2003),  prostate  (Eriksson  et  al,  2007),  colorectal 
(Nilsen  et  al,  2005)  and  early  onset  breast  cancers  (Sanderson  et  al, 
1996;  Innes  et  al,  2000;  Mellemkjaer  et  al,  2003). 

The  possible  elevated  levels  of  stem  cells  at  low  birth  weight 
warrant  further  investigations.  Using  birth  weight  to  define  small 
for  gestation  for  full  term  healthy  infants,  a  majority  (>86%)  of 
such  infants  undergo  accelerated  growth  during  the  first  6  12 
months  after  birth  and  attain  normal  height  later  in  life  (Karlberg 
and  Albertsson  Wikland,  1995).  Premature  infants  (i.e.,  those  born 
before  the  33rd  gestational  week,  generally  with  low  birth  weights) 
have  been  shown  to  have  elevated  foetal  and  cord  blood  CD34  + 
and  CD34  +  CD38~  levels  relative  to  full  term  infants  (most  with  a 
normal  birth  weight)  (Shields  and  Andrews,  1998;  Wyrsch  et  al, 
1999).  Relevant  to  this  phenomenon,  it  has  been  reported  that 
premature  female  newborns  have  an  increased  risk  for  breast 
cancer  later  in  life  (Ekbom  et  al,  2000).  It  is  not  known  whether 
premature  or  small  newborns  harbour  elevated  stem/progenitor 
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cell  populations,  because  these  populations  have  not  had  enough 
developmental  time  to  undergo  a  normal  course  of  differentiation, 
or  if  such  infants  build  up  a  stem  cell  reserve  for  growth 
compensation  during  the  postnatal  period.  In  any  case,  our 
J  shaped  relation  observed  between  birth  weight  and  stem  cell 
measurements  requires  further  confirmation  as  ethnicity  specific 
results  showed  a  linear  relation  in  the  considerably  larger  group  of 
Caucasian  cord  blood  samples. 

Finally,  we  examined  cord  blood  plasma  IGF  1  levels  in  relation 
to  stem  cell  levels  and  birth  weight.  Insulin  like  growth  factor  1 
had  a  positive  association  with  stem  cell  measurements  in  our 
samples  (Savarese  et  al ,  2007)  and  was  strongly  associated  with 
birth  weight  (geometric  means  were  41.18,  57.86,  78.45  and 
102.77  ngml-1,  respectively,  for  the  four  categories  of  birth  weight 
in  Table  2  and  in  the  literature  (Bennett  et  al ,  1983;  Fant  et  al ,  1993; 
Reece  et  al,  1994)).  The  growth  hormone/IGF  1  axis  has  been 
suggested  to  serve  as  a  master  developmental  regulator,  coordinat 
ing  stem  cells  in  multiple  organs  (Ginestier  and  Wicha,  2007). 
When  we  controlled  for  cord  plasma  IGF  1  levels,  the  associations 
were  considerably  weakened.  This  would  be  expected  if  IGF  1 
regulates  stem  cell  potential  and  this  is,  in  turn,  a  determinant  of 
birth  weight.  To  determine  whether  birth  weight  is  an  accurate 
reflection  of  stem  cell  potential,  the  focus  should  be  on  the  results 
without  adjusting  for  IGF  1. 


Birth  weight  and  stem  cells 

WC  Strohsnitter  et  al 


We  conclude  that  there  is  a  J  or  U  shaped  positive  association 
between  birth  weight  and  stem  cell  measurements,  linear  among 
term  newborns  with  normal  to  high  birth  weight  and  stronger 
with  the  more  primitive  stem  cell  sub  population.  The  nonlinear 
relationship,  however,  suggests  that  birth  weight  is  not  an 
unequivocal  indicator  of  stem  cell  potential  in  the  context  of  a 
prenatal  origin  of  cancer  risk.  Quantitation  of  stem  cell  pools 
might  prove  to  be  a  more  accurate  predictor  of  cancer  risk  than 
birth  weight  per  se ,  in  accordance  with  the  stem  cell  burden 
hypothesis. 
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Background:  The  size  of  the  breast  stem  cell  pool  could  underlie  the  intrauterine  roots 
of  breast  cancer.  We  studied  whether  breast  stem  cells  exist  in  umbilical  cord  blood  and 
if  they  correlate  with  hematopoietic  stem  cell  measurements  that  have  been  positively 
associated  with  perinatal  risk  factors  for  breast  cancer. 

Subjects  and  methods:  We  isolated  mononuclear  cells  from  umbilical  cord  blood  of 
170  singleton,  full-term  pregnancies,  and  determined,  by  reverse  transcription 
polymerase  chain  reaction,  the  presence  of  genes  of  putative  breast  epithelial  stem 
cell/progenitor  markers  (including  EpCAM,  CD49f  (a6-integrin),  CD117  (c-kit),  CD24, 
and  CD29  ((31  -integrin)).  By  immunocytochemistry,  we  co-localized  protein  expressions 
of  EpCAM+CD49f+,  CD49f+CD24+  and  CD24+CD29+.  We  correlated  concentrations  of 
putative  breast  stem  cell/progenitor  subpopulations,  quantified  by  flow  cytometry,  with 
concentrations  of  hematopoietic  stem  cells. 

Results:  Mammary  stem  cell  phenotypes  were  identified  in  umbilical  cord  blood.  The 
measured  EpCAM+  subpopulation  was  positively  correlated  with  concentrations  of 
CD34+  and  CD34+CD38'  hematopoietic  stem  cells  (both  P  =  0.006).  Additionally, 
EpCAM+CD49f+  and  CD49f+CD24+  subpopulations  were  positively  correlated  to  the 
CD34+  cells  (P  =  0.03  and  0.008,  respectively). 

Conclusion:  The  positive  association  between  measurable  breast  and  hematopoietic 
stem  cells  in  human  umbilical  cord  blood  suggests  plausible  mechanisms  for  a  prenatal 
influence  on  breast  cancer  risk. 

Keywords:  epithelial  cell  adhesion  molecule,  flow  cytometry,  hematopoietic  stem  cell, 
integrins,  in  utero  environment,  prenatal  origin 
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INTRODUCTION 


The  hypothesis  that  a  woman’s  risk  for  breast  cancer  in  the  adult  life  is  influenced 
already  in  the  in  utero  environment  [1]  has  implicated  a  role  of  mitogens  and  stem  cells 
[2,  3],  In  a  large  cohort  of  normal,  singleton  pregnancies,  we  showed  that  the 
concentration  of  hematopoietic  stem  cells  in  umbilical  cord  blood  is  positively  correlated 
with  perinatal  levels  of  insulin-like  growth  factor  1  (IGF-1)  and  estrogens  [4,  5],  and  with 
birth  weight  [6],  an  indicator  of  adult  life  breast  cancer  risk  [3,  7,  8],  These  results  are 
consistent  with  a  “stem  cell  burden  and  susceptibility”  hypothesis  which  predicts  that 
levels  of  mitogens  increase  the  number  of  stem  cells  (“burden”),  and  that  such  stem 
cells  are  targets  for  genetic  and/or  epigenetic  alterations  (“susceptibility”)  that  might  lead 
to  malignant  transformation  [3,  9,  10],  In  previous  studies  [4-6],  we  used  hematopoietic 
stem  cells  (defined  by  the  CD34+,  CD34+CD38',  and  CD34+CD1 17+  cell  surface 
markers)  as  a  surrogate  for  the  overall  stem  cell  levels.  However,  levels  of  epithelial 
breast  stem  or  progenitor  cells  in  the  in  utero  environment  would  be  a  more  biologically 
relevant  indicator  for  future  breast  cancer  risk. 

Although  umbilical  cord  blood  contains  hematopoietic  [11]  and  endothelial  [12, 

13]  stem/progenitor  cells,  it  is  challenging  to  assume  that  organ-specific  breast  stem 
cells  are  present  in  an  in  utero  compartment  far  removed  from  the  organ  of  interest. 
However,  umbilical  cord  blood  mononuclear  cells  (MNC)  express  embryonic  [14]  and 
neural  [15,  16]  stem  cell  markers.  Additionally,  umbilical  cord  blood  stem  cells,  possibly 
including  mesenchymal  stem  cells,  can  be  differentiated  to  other  cell  types,  such  as 
osteoblasts,  chondroblasts,  and  adipocytes,  indicating  their  pluripotent  potential  [17, 
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18].  Mammary  phenotypes  have  however  not  been  reported  in  human  umbilical  cord 
blood. 

Here  we  analyzed  MNC  derived  from  human  umbilical  cord  blood  for  gene 
expressions  of  markers  reported  for  putative  breast  epithelial  stem  cells  and  progenitors 
[19]  and  quantified  such  cell  populations  by  flow  cytometry.  We  report  the  existence  of 
putative  breast  stem/progenitor  cell  phenotypes  in  umbilical  cord  blood  and,  more 
importantly,  that  the  concentrations  of  certain  breast  stem/progenitor  cell  phenotypes 
found  in  umbilical  cord  blood  correlate  positively  with  those  of  hematopoietic  stem  cells. 

SUBJECTS  AND  METHODS 

The  study  protocol  was  approved  by  the  institutional  review  boards  of  the  University  of 
Massachusetts  Medical  School,  Worcester,  MA,  USA,  and  Tufts  Medical  Center, 

Boston,  MA,  USA. 

Subject  recruitment  and  umbilical  cord  blood  processing 

Study  subjects  were  recruited  from  November,  2006  to  November,  2010  among 
pregnant  women  who  delivered  at  the  Tufts  Medical  Center,  who  were  18  years  or 
older,  HIV  and  hepatitis  B-negative,  with  a  fetus  free  of  anomalies  by  ultrasound 
examination.  For  this  analysis,  we  included  only  full  term  (gestational  age  >  37  weeks), 
normotensive,  and  singleton  pregnancies.  Infants  were  delivered  according  to  standard 
obstetrical  practices.  Umbilical  cord  blood  was  collected  from  the  umbilical  vein  into  a 
sterile  bag  containing  35  ml  of  citrate-phosphate-dextrose  anticoagulant  (Fenwal,  Lake 
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Zurich,  IL,  USA).  Samples  were  processed  for  MNC  using  a  Ficoll-Paque  density 
gradient  within  24  hours  of  birth  as  described  previously  [5,  6], 

Reverse  transcription-polymerase  chain  reaction  (RT-PCR) 

PolyA+  mRNA  was  isolated  from  MNC  using  the  QuickPrep  Micro  mRNA  Purification  Kit 
(Amersham  Biosciences,  Piscataway,  NJ,  USA)  and  reversed  transcribed  to  cDNA 
using  the  Superscript  III  First-Strand  Synthesis  System  (Invitrogen,  Carlsbad,  CA,  USA), 
according  to  manufacturer’s  instructions.  Genes  of  interest  were  detected  using  a  set  of 
two  specific  forward  and  reverse  primers  for  each  gene  in  a  polymerase  chain  reaction 
(PCR):  EpCAM,  forward  5’-TT GGT GAT GAAGGCAGAAAT GAAT GG-3’  and  reverse  5’- 
T GAACTAAAACACAAAGCAAGAGAAAAACCT -3’  giving  a  PCR  product  of  268  bp; 
CD49f  [20],  forward  5’-CAAGATGGCTACCCAGATAT-3’  and  reverse  5’- 
CTGAATCTGAGAGGGAACCA-3’  giving  a  PCR  product  of  210  bp;  CD117  [21],  forward 
5’-AACGACACGCTGGT CCGCT G-3’  and  reverse  5’-GT ACACAG AACT AGACACAT C- 
3’  giving  a  PCR  product  of  341  bp;  CD24  [22],  forward  5’- 

TGCTCCTACCCACGCAGATT-3’  and  reverse  5’-GGCCAACCCAGAGTT GGAA-3’ 
giving  a  PCR  product  of  88  bp;  CD29  [23],  forward  5’-GTT ACACGGCT GCTGGT CTT -3’ 
and  reverse  5’-CTACTGCTGACTTAGGGATC-3’  giving  a  PCR  product  of  264  bp; 
cyclophilin  [24],  forward  5’-CCACCGTGTTCTTCGACATC-3’  and  reverse  5’- 
GGTCCAGCATTTGCCATGG-3’  giving  a  PCR  product  of  302  bp.  PCR  was  performed 
using  0.4  pM  of  each  primer,  200  pM  dNTP,  1. 5-3.0  mM  MgCI2,  5  U  AmpliTaq  DNA 
polymerase  (Applied  Biosystems,  Foster  City,  CA,  USA)  and  approximately  2  pg 
template  cDNA  in  a  IX  PCR  buffer  (50  mM  KCI,  10  mM  Tris-HCI  pH  8.3,  0.001% 
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gelatin).  Amplifications  were  performed  in  a  thermocycler  using  41  cycles  of  95°C  for  30 
seconds,  55-60°C  for  30  seconds,  72°C  for  1  minute,  followed  by  a  final  extension  at 
72°C  for  10  minutes.  Amplification  products  were  visualized  under  ultraviolet  light  after 
gel  electrophoresis  on  a  2%  agarose  gel  and  staining  with  GelGreen  Nucleic  Acid  Gel 
Stain  (Botium,  Hayward,  CA,  USA)  or  ethidium  bromide. 

Immunocytochemistry  and  confocal  microscopy. 

Umbilical  cord-derived  MNC  were  spread  and  dried  onto  glass  slides.  The  cells  were 
fixed  in  4%  paraformaldehyde  for  10  minutes  at  room  temperature.  After  washing  in  IX 
phosphate  buffer  saline  (PBS),  the  cells  were  blocked  with  10%  donkey  serum 
(Millipore,  Billerica,  MA,  USA)  in  PBS  for  30  minutes  at  room  temperature,  followed  by 
incubation  in  the  following  primary  antibodies  in  blocking  solution  overnight  at  4°C: 
mouse  anti-EpCAM  (Clone  El 44,  1:100  dilution;  Abeam,  Cambridge,  MA,  USA)  and  rat 
anti-CD49f  (Clone  NKI-GoH3,  1 :200  dilution;  Millipore);  rat  anti-CD49f  and  mouse  anti- 
CD24  (Clone  SN3,  1:200  dilution;  Millipore);  and  rabbit  anti-CD29  (Clone  EP1041Y, 

1 :200  dilution;  Millipore)  and  mouse  anti-CD24.  The  cells  were  then  washed  and 
incubated  with  the  appropriate  secondary  antibodies  for  1  hour  at  room  temperature  in 
the  dark:  Alexa  Fluor  488  donkey  anti-mouse,  Alexa  Fluor  488  donkey  anti-rabbit,  Alexa 
Fluor  594  donkey  anti-rat,  and/or  Alexa  Fluor  568  donkey  anti-rabbit  (all  1 :200  dilution; 
Invitrogen/Molecular  Probes,  Eugene,  OR,  USA).  After  washing,  the  cells  were  stained 
in  DRAQ5  (Cell  Signaling  Technology,  Danvers,  MA,  USA)  and  cover-slipped  in  Prolong 
Anti-fade  reagent  (Invitrogen/Molecular  Probes).  Primary  antibodies  were  omitted  for 
negative  controls.  Cellular  co-localizations  were  examined  with  a  True  Confocal 
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Scanning  Spectrophotometer  microscope  (Leica  Microsystems,  Deerfield,  IL,  USA) 
using  excitation  wavelengths  488  nm  for  Alexa  Fluor  488;  568  nm  for  Alexa  Fluor  568 
and  Alexa  Fluor  594;  and  633  nm  for  DRAQ5.  Optical  scanning  was  performed  every 
0.5  pm  of  cell  thickness  by  a  sequential  scanning  method. 

Flow  cytometric  analyses. 

Flow  cytometric  analyses  were  performed  as  described  previously  [5],  Briefly,  1  X  106 
umbilical  cord  blood-derived  MNC  were  incubated  for  30  minutes  on  ice  in  the  dark  with 
the  following  fluorochrome-conjugated  antibodies:  anti-CD34-fluorescein  isothiocyanate 
(FITC;  Clone  581;  BD  BioSciences  Pharmingen,  San  Diego,  CA,  USA),  anti-CD38- 
phycoerythrin  (PE;  Clone  HIT2;  BD  Biosciences  Pharmingen),  anti-EpCAM-FITC  (Clone 
VU-1D9;  StemCell  Technologies,  Vancouver,  Canada),  anti-CD49f-PE  (Clone  GoH3; 

BD  BioSciences  Pharmingen),  anti-CDI  17-allophycocyanin  (APC;  Clone  YB5.B8;  BD 
BioSciences  Pharmingen),  anti-CD24-FITC  (Clone  SN3;  Antibodies-online,  Aachen, 
Germany),  anti-CD29-APC  (Clone  MAR4;  BD  BioSciences  Pharmingen),  or  the 
combination  of  anti-CD34-FITC  and  anti-CD38-PE,  or  the  combination  of  anti-EpCAM- 
FITC,  anti-CD49f-PE,  and  anti-CDI  17-APC,  or  the  combination  of  anti-CD24-FITC,  anti- 
CD49f-PE  and  anti-CD29-APC.  Samples  treated  with  no  antibody  served  as  negative 
controls.  Cells  were  washed,  fixed  with  4%  paraformaldehyde  and  analyzed  using  a 
FACSCalibur  flow  cytometer  (BD  Biosciences  Immunocytometry  Systems,  San  Jose, 
CA,  USA).  Hematopoietic  (CD34+,  CD34+CD38')  and  putative  breast  (EpCAM+, 
EpCAM+CD49f+,  EpCAM+CD49f+CD1 17+,  CD49f+CD24+,  CD24+CD29+, 
CD49f+CD24+CD29+)  stem/progenitor  cell  subpopulations  were  quantified  from  the 


gated  MNC  population  (lymphocytes  and  monocytes  based  on  forward  versus  side  light 
scatter)  using  the  FlowJo  software  program  (Tree  Star,  Ashland,  OR,  USA).  The 
number  of  cells  in  these  populations  was  normalized  to  1 03  MNC. 

Statistical  analysis. 

Descriptive  statistics  on  the  characteristics  of  study  population  and  laboratory  data  were 
summarized.  Spearman  rank  correlation  coefficients  were  estimated  for  bivariate 
analyses  between  levels  of  different  stem  cell  subpopulation.  Statistical  significance  was 
set  at  0.05  (two-sided).  STATA  version  1 1  (StataCorp  LP,  College  Station,  TX,  USA) 
was  used  to  conduct  statistical  analyses. 

RESULTS 

To  determine  whether  putative  breast  stem/progenitor  cell  phenotypes  were  present  in 
umbilical  cord  blood,  we  analyzed  genes  reported  for  breast  stem  cell  markers  [19]  in 
the  MNC  fraction  of  umbilical  cord  blood  by  RT-PCR.  Because  breast  stem  cells  are 
considered  epithelial  in  nature  [3],  we  first  detected  the  gene  for  epithelial  adhesion 
molecule  (EpCAM),  or  epithelial-specific  antigen  (ESA),  as  a  marker  for  epithelial  cells 
[25],  Additionally,  genes  of  putative  markers  for  breast  stem/progenitor  cells,  i.e.,  CD49f 
(a6-integrin),  CD1 17  (c-kit  receptor),  CD24,  and  CD29  (|31  -integrin)  were  detected  in 
umbilical  cord  blood-derived  MNC  (Figure  1A). 

Second,  we  determined  protein  expressions  by  immunocytochemistry  and 
observed  co-localized  staining  of  EpCAM+CD49f+,  CD49f+CD24+  and  CD24+CD29+ 
surface  markers  in  umbilical  cord  blood-derived  MNC  by  confocal  microscopic  analyses 
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(Figure  IB).  We  further  quantified  the  percentages  of  umbilical  cord  blood-derived  MNC 
with  putative  markers  of  the  different  breast  stem  cell  subpopulations  (EpCAM+CD49f+, 
EpCAM+CD49f+CD1 17+,  CD49f+CD24+,  CD24+CD29+,  and  CD24+CD29+CD49f+)  in 
addition  to  EpCAM  by  flow  cytometry  (Figure  1C).  Data  analyses  using  the  FlowJo 
software  program  showed  that  the  EpCAM+  subpopulation  ranged  from  0.19  to  19.8 
cells/1,000  MNC  with  a  mean  of  3.4  ±  4.0  cells;  the  EpCAM+CD49f+ subpopulation 
ranged  from  0.049  to  9.7  cells/1 ,000  MNC  with  a  mean  of  1 .7  ±  1 .8  cells;  the 
EpCAM+CD49f+CD1 1 T  subpopulation  ranged  from  0.02  to  2.4  cells/1 ,000  MNC  with  a 
mean  of  0.48  ±  0.56  cells;  the  CD49f+CD24+  subpopulation  ranged  from  0  to  48.1 
cells/1 ,000  MNC  with  a  mean  of  14.7  ±  12.9  cells;  the  CD24+CD29+  subpopulation 
ranged  from  0.11  to  46.2  cells/1 ,000  MNC  with  a  mean  of  1 0.3  ±9.8  cells;  and  the 
CD24+CD29+CD49f+  subpopulation  ranged  from  0  to  44.4  cells/1,000  MNC  with  a  mean 
of  8.3  ±8.8  cells  (Table  1). 

We  also  quantified  the  percentages  of  umbilical  cord  blood-derived  MNC  with 
hematopoietic  stem  cell  markers,  i.e.,  CD34+  and  CD34+CD38',  and  performed  a  rank 
correlation  analysis  between  concentrations  of  hematopoietic  and  breast 
stem/progenitor  cell  subpopulations.  Levels  of  the  EpCAM+  subpopulation  were 
positively  correlated  with  concentrations  of  CD34+  and  CD34+CD38'  hematopoietic  stem 
cells  (both  P  =  0.006;  Table  2).  Except  for  the  CD24+CD29+  cells,  all  putative  breast 
stem/progenitor  cell  subpopulations  were  positively  associated  with  the  hematopoietic 
stem  cell  subpopulations.  Notably,  the  EpCAM+CD49f+  and  CD49f+CD24+ 
subpopulations  were  positively  and  significantly  correlated  to  the  CD34+  cells  ( P  =  0.03 
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and  0.008,  respectively).  These  associations  were  clearer  among  female  than  among 
male  newborns,  in  particular  the  EpCAM+  subpopulation  (Table  2). 

DISCUSSION 

To  our  knowledge,  this  is  the  first  report  of  measurable  breast  stem  cells  in  human 
umbilical  cord  blood.  Levels  of  these  breast  stem  cells  correlated  significantly  and 
positively  with  that  of  hematopoietic  stem  cells;  concentrations  of  hematopoietic  stem 
cells  (as  surrogate  measurements  of  overall  stem  cell  levels  in  the  intrauterine 
environment)  are  correlated  with  umbilical  cord  blood  plasma  levels  of  IGF-1  and  with 
birth  weight  [4-6], 

Because  the  procurement  of  human  cord  blood  samples  is  unpredictable,  we 
chose  to  assay  for  putative  breast  stem/progenitor  cells  by  analyzing  published  surface 
markers  instead  of  using  live  cell-based  methods  employing  dyes  such  as  Hoechst 
33342  or  ALDEFLUOR  [26,  27],  Since  all  cells  within  the  mammary  epithelium  -  except 
for  the  myoepithelial  cells  -  express  EpCAM,  or  ESA  [28,  29]  and  breast  stem  cells  are 
considered  to  be  epithelial  in  nature  [3,  30],  we  initially  examined  and  found  the  gene  for 
EpCAM  -  a  marker  of  many  epithelial  cells  [25]  -  in  the  MNC  of  umbilical  cord  blood.  In 
fresh,  uncultured  umbilical  cord  blood-derived  MNC,  we  also  detected  other  putative 
genes  related  to  breast  stem/progenitor  cells;  these  include  CD1 17  (c-kit),  CD24,  and 
CD29  (pi  -integrin),  the  latter  two  markers  originally  reported  in  mouse  tissues  [19,  31- 
33], 

By  immuno-staining  umbilical  cord  blood-derived  MNC,  we  demonstrated  the  co¬ 
expression  of  EpCAM  and  CD49f  (a6-integrin),  a  major  cellular  phenotype  of  human 
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breast  stem/progenitor  cells  [28,  34,  35],  The  co-expressions  of  the  proteins  for  CD24 
and  CD49f,  and  CD24  and  CD29,  indicate  that  mouse  and  human  do  share  common 
markers  of  putative  breast  stem/progenitor  cells. 

The  detection  of  putative  breast  stem/progenitor  cell  phenotypes  suggests  that 
there  is  a  “mammary”  compartment  within  the  umbilical  cord  blood.  These  putative 
breast  stem/progenitor  cell  phenotypes  in  the  umbilical  cord  blood  niche  could  be  rare, 
but  detectable  by  flow  cytometry  (Figure  1C,  Table  1).  Our  results  indicate  that,  at  the 
time  of  birth,  intrauterine  conditions  may  sustain  certain  subpopulations  of  breast 
stem/progenitor  cell  phenotypes.  It  is  not  clear,  however,  how  these  breast  phenotypes 
come  about.  Possibly,  umbilical  cord  blood  cells  with  breast  phenotypes  were  derived 
from  embryonic-like  stem  cells  [14,  36-40]  due  to  exposures  to  specific  hormones  or 
growth  factors  in  utero,  or  dedifferentiated  from  hematopoietic  stem  cells  as  a  result  of 
epigenetic  reprogramming,  as  proposed  for  the  neural  phenotypes  found  in  umbilical 
cord  blood  [41].  These  mammary  phenotypes  might  also  be  differentiated  from 
multipotent  mesenchymal  stem  cells  present  in  umbilical  cord  blood  [18]. 

The  concentration  of  umbilical  cord  blood-derived  MNC  carrying  the  epithelial 
EpCAM  antigen  was  positively  associated  with  the  concentrations  of  hematopoietic 
stem  cell  populations  identified  by  the  CD34  surface  marker  [42,  43]  and  the 
subpopulation  that  was  positive  for  CD34  but  negative  for  CD38  [44],  Notably,  the 
EpCAM+CD49f+  and  CD49f+CD24+  breast  stem/progenitor  cell  phenotypes  showed  a 
positive  correlation  with  the  CD34+  hematopoietic  stem  cells.  This  finding  supports  the 
“stem  cell  burden”  hypothesis  [3]  in  predicting  breast  cancer  risk.  Non-significant 
associations  might  be  due  to  the  limited  sample  sizes  for  markers  reported  more 
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recently  and  thus  incorporated  in  later  stages  of  our  study.  The  inconsistent 
associations  observed  for  the  strictly  “mouse”  CD24+CD29+  subpopulation  suggest  that 
such  cells  might  not  be  functional  mammary  phenotypes  in  humans,  although  the 
CD49f+CD24+  subpopulation  was  originally  reported  also  in  mice  [32],  These 
correlations  should  be  re-examined  in  larger  sample  sizes,  as  should  some  of  the 
significant  associations  observed  in  the  analyses  stratified  by  gender. 

In  summary,  early  life  exposures  have  been  linked  to  risk  of  breast  cancer  in  the 
offspring  through  a  pathway  hypothesized  to  involve  the  mammary  stem  cell  pool.  The 
“breast  stem  cell  burden  and  susceptibility”  hypothesis  is  based  on  the  assumption  that 
breast  cancer  originates  from  mammary  stem  cells  [3,  9,  10,  45],  The  greater  the 
number  of  breast  stem  cells,  the  higher  the  likelihood  that  one  of  these  cells  will 
undergo  malignant  transformation.  Because  mammary  stem  cells  arise  primarily  during 
the  fetal/perinatal  period,  the  in  utero  environment  becomes  a  major  determinant  of  their 
number.  Hence,  a  breast  “stem  cell  potential”  -  a  term  proposed  for  measurable 
variables  that  reflect  the  effects  of  intrauterine  and  perinatal  influences  on  stem  cell 
burden  and  susceptibility  -  in  umbilical  cord  blood  might  predict  subsequent  risk  of 
breast  cancer  in  the  adult  life.  Future  research  will  determine  whether  these  putative 
populations  with  breast  stem/progenitor  phenotypes  in  umbilical  cord  blood  are  indeed 
functional  mammary  cells.  If  so,  we  will  have  a  model  system  to  understand  whether 
genetic  and/or  epigenetic  alterations  in  breast  stem/progenitor  cells  explains  fetal 
programming  of  breast  cancer  risk  in  the  adult  life. 
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FIGURE  LEGENDS 


Figure  1.  (A)  Gel  electrophoresis  showing  the  detection  of  PCR  products  for  EpCAM, 
CD49f  (a6-integrin),  CD117  (c-kit),  CD24,  CD29  (pl-integrin),  and  the  housekeeping 
gene  cyclophilin  from  umbilical  cord  blood-derived  mononuclear  cells  from  5  umbilical 
cord  blood  samples  (D333,  D341 ,  D342,  D344,  and  D349).  Water  (last  lane)  was  used 
as  negative  controls.  (B)  Double-labeled  immunofluorescent  confocal  microscopy  of 
umbilical  cord  blood-derived  mononuclear  cells  from  sample  D321  showing 
colocalization  in  the  overlay  image  of  EpCAM  (green)  and  CD49f  (red)  (top  panel); 

CD24  (green)  and  CD49f  (red)  (middle  panel);  and  CD24  (green)  and  CD29  (red) 
(bottom  panel).  Scale  bar  represents  20  pm.  (C)  Flow  cytometric  pseudocolor  plots 
showing  the  detection  of  the  EpCAM+,  EpCAM+CD49f+,  EpCAM+CD49f+CD1 17+, 
CD49f+CD24+,  CD24+CD29+,  and  CD49f+CD24+CD29+  subpopulations  (boxed,  with 
percentage  of  cells  indicated)  from  umbilical  cord  blood-derived  mononuclear  cells  of 
sample  N41 .  The  arrows  indicate  that  the  triple  positive  population  was  derived  from  the 
double  positive  population  as  shown.  The  markers  shown  in  the  top  panel  have  been 
reported  in  humans  while  the  markers  shown  in  the  bottom  panel  have  been  reported  in 
mice. 
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Table  1.  Maternal  and  newborn  characteristics,  and  umbilical  cord  blood  stem/progenitor  cell 
counts. 


Subject  characteristics 

N 

Mean  ±  SD  or  % 

Range 

Mother’s  age  (yr) 

169 

30.1  ±  6.2 

19-44 

Parity 

First 

52 

30.8 

Second 

49 

29.0 

Third 

24 

14.2 

Fourth  and  above 

44 

26.0 

Gestation  Duration  (wks) 

170 

39.2  ±  1.2 

37-41 

Newborn  gender 

Male 

84 

49.4 

Female 

86 

50.6 

Newborn  birth  weight  (g) 

170 

3,363.7  ±  510.5 

1,973  -4,917 

Umbilical  cord  blood  volume 

169 

98.4  ±  29.4 

45-216 

(ml)a 

Umbilical  cord  blood 
stem/progenitor  cell 
populations'3 

CD34+ 

169 

8.5  ±  7.4 

0.0-56.7 

CD34+CD38" 

167 

2.4  ±  2.5 

0.0-23.8 

EpCAM+ 

112 

3.4  ±4.0 

0.19-19.8 

EpCAM+CD49f+ 

109 

1.7  ±  1.8 

0.049  -9.7 

EpCAM+CD49f+CD1 1 7+ 

32 

0.48  ±  0.56 

0.02-2.4 

CD49f+CD24+ 

56 

14.7  ±  12.9 

0.0-48.1 

CD24+CD29+ 

55 

10.3  ±9.8 

0.11  -46.2 

CD49f+CD24+CD29+ 

55 

8.3  ±8.8 

0.0-44.4 

includes  35  ml  of  citrate-phosphate-dextrose  anticoagulant. 
bCell  counts  per  103  MNC. 
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Table  2.  Spearman  correlation  coefficients  (P  values  in  parentheses)  between  umbilical  cord  blood  hematopoietic  and  breast 
stem/progenitor  cell  populations. 


Hematopoietic 
stem  cell 
subpopulations 

Breast  stem/progenitor  cell  subpopulations 

EpCAM+ 

EpCAM+CD49f+ 

EpCAM+CD49f+CD1 1 T 

CD49f+CD24+ 

CD24+CD29+ 

CD49f+CD24+CD29+ 

All  subjects  (A/) 

112 

109 

32 

56 

55 

55 

CD34+ 

0.26  (0.006) 

0.21  (0.03) 

0.24  (0.20) 

0.35  (0.008) 

0.14  (0.32) 

0.17  (0.21) 

CD34+CD38‘ 

0.26  (0.006) 

0.15  (0.12) 

0.30  (0.09) 

0.24  (0.07) 

0.01  (0.97) 

0.18  (0.19) 

Newborn  gender 

Males  (A/) 

53 

53 

14 

25 

25 

25 

CD34+ 

0.23  (0.37) 

0.22  (0.12) 

0.41  (0.15) 

0.33  (0.11) 

0.07(0.76) 

0.28  (0.18) 

CD34+CD38‘ 

0.02  (0.90) 

0.04  (0.77) 

0.27  (0.36) 

0.38  (0.06) 

0.09  (0.67) 

0.36  (0.08) 

Females  (A/) 

59 

56 

18 

31 

30 

30 

CD34+ 

0.36  (0.005) 

0.18  (0.19) 

0.03  (0.90) 

0.35  (0.05) 

0.18  (0.34) 

0.05  (0.78) 

CD34+CD38" 

0.37  (0.004) 

0.19  (0.17) 

0.18  (0.48) 

0.19  (0.29) 

-0.03  (0.88) 

0.08  (0.68) 

24 
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Early  life  events  and  conditions  and  breast  cancer  risk:  From  epidemiology 
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Risk  factors  for  breast  cancer  documented  by  intensive  epidemi¬ 
ological  investigations  and  viewed  in  the  context  of  general  princi¬ 
ples  of  carcinogenesis  can  be  integrated  to  an  etiologic  model 
comprising  3  principal  components:  the  likelihood  of  breast  can¬ 
cer  occurrence  depends  on  the  number  of  mammary  tissue-specific 
stem  cells,  which  is  determined  in  early  life;  all  growth-enhancing 
mammotropic  hormones  affect  the  rate  of  expansion  of  initiated 
clones;  and  while  a  pregnancy  stimulates  the  replication  of  already 
initiated  cells,  it  conveys  long-term  protection  through  differentia¬ 
tion  of  mammary  tissue-specific  stem  cells.  This  perspective 
accommodates  much  of  what  is  known  about  the  epidemiology 
and  natural  history  of  breast  cancer  and  highlights  the  role  of 
early  life  in  the  origin  of  this  cancer. 

©  2007  Wiley  Liss,  Inc. 


Key  words:  breast  cancer;  perinatal;  birth  weight;  stem  cells; 
hormones;  pregnancy 


Breast  cancer  epidemiology 

The  incidence  of  breast  cancer  has  apparently  increased 
throughout  the  world  during  the  last  century,  even  before  the 
widespread  application  of  mammographic  screening  programs  and 
mortality  from  the  disease  in  developed  countries  generally 
exceeds  that  from  other  cancer  sites.1  Breast  cancer  epidemiology 
has  been  intensively  studied,  perhaps  more  than  that  of  any  other 
cancer.2  6  Table  I  summarizes  what  are  generally  considered  as 
established  epidemiological  characteristics  of  breast  cancer  and 
provides  an  indication  of  the  strength  of  the  respective  associa 
tions  in  terms  of  the  relative  risk  per  natural  contrasts  or  usual 
increments. 

Breast  cancer  is  mostly,  though  not  exclusively,  a  disease  of 
women.  The  incidence  of  the  disease  increases  with  age,  with  an 
inflection  around  menopause,  which  is  not  evident  for  other  forms 
of  cancer.  It  is  generally  more  common  among  urban  rather  than 
rural  residents  as  well  as  among  women  of  higher  socioeconomic 
status.  In  comparison  to  Asian  women  in  China  or  Japan,  Cauca 
sian  women  in  the  western  world  have  a  considerably  higher 
breast  cancer  risk. 1 

With  respect  to  reproductive  history,  an  earlier  age  at  menarche 
and  a  later  age  at  menopause  are  associated  with  increased  risk 
whereas,  for  a  given  age  at  menopause,  induced  menopause  con 
veys  more  protection  than  the  naturally  occurring  one.6  8  The  role 
of  pregnancies  is  complex.  Irrespective  of  the  woman’s  age,  a 
pregnancy  imparts  a  short  term  increase  of  breast  cancer  risk9  fol 
lowed  by  a  substantial  long  term  reduction  of  this  risk,  as  was  first 
documented  with  respect  to  the  first  pregnancy  some  40  years  ago 
in  a  classical  international  epidemiological  study.10  Hence,  the 
earlier  the  age  at  first  full  term  pregnancy,  the  more  prolonged  is 
the  subsequent  long  term  protection.  After  the  age  of  about 
35  years,  a  first  pregnancy  actually  increases  breast  cancer  risk, 
apparently  because  the  short  term  risk  increase  exceeds  the  sub 
sequent  risk  reduction.  Additional  full  term  pregnancies  have  sim 
ilar  but  much  weaker  effects,11  while  spontaneous  or  induced 
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abortions  do  not  affect  breast  cancer  risk.12  Prolonged  lactation 
conveys  at  most  modest  protection,  which  appears  to  be  restricted 
to  premenopausal  women.1’14  Current  or  recent  use  of  oral  con 
traceptives  slightly  increase  the  risk  for  breast  cancer,15  whereas 
long  term  use  of  replacement  estrogens  with  progestins  may  sub 
stantially  increase  breast  cancer  risk.16  18 

High  birth  weight  has  been  associated  with  increased  breast  can 
cer  risk  in  the  offspring.19  Having  been  breastfed  as  an  infant  has 
been  investigated  for  its  role  in  breast  cancer  under  the  assumption 
that  it  could  be  responsible  for  the  transmission  of  an  infectious 
agent,  but  the  results  did  not  support  an  association.20  Early  life 
growth21  and  factors  that  may  increase  it22  have  also  been  positively 
associated  with  breast  cancer  risk,  as  has  height23'24  and  post  (but 
not  pre  )  menopausal  obesity8-25  27  later  in  life. 

A  high  density  mammogram  (75%  or  more  of  the  total  breast 
area  with  dense  mammographic  appearance)  has  been  associated 
with  a  more  than  4  fold  risk  in  comparison  to  a  low  density  mam 
mogram  (10%  or  less  or  total  breast  area  with  dense  mammographic 
appearance).28  Atypical  hyperplasia  of  the  mammary  aland  has  been 
documented  as  an  important  breast  cancer  risk  factor.  30 

Family  history  among  first  degree  relatives  is  associated  with 
increased  breast  cancer  risk.31  BRCA1  and  BRCA2,  as  well  as 
some  highly  penetrant  mutations,  explain  a  large  part  of  familial 
breast  cancers,  but  account  for  a  small  proportion  of  all  breast  can 
cers.32  Many  studies  have  examined  low  penetrance  susceptibility 
polymorphisms  in  candidate  genes,  but  the  associations  reported 
in  some  studies  could  not  been  replicated  in  subsequent  investiga 
tions.  This  is  an  evolving  field,  in  which  large  whole  genome  asso 
ciation  investigations  are  providing  new  insight.33  Breast  cancer 
in  the  contralateral  breast  is  an  established  risk  factor  for  develop 
ing  the  disease  in  the  other  breast,  but  the  underlying  pathogenetic 
mechanisms  are  not  clear.34 

High  levels  of  physical  activity35  and  high  intake  of  vegetables, 
perhaps  fruits36  and  olive  oil37  have  been  reported  to  be  associated 
with  reduced  breast  cancer  risk,  possibly  by  reducing  endogenous 
estrogen  levels.38-39  Nevertheless,  the  evidence  is  inconclusive 
and  suggests,  at  most,  weak  effects.  Recent  evidence  points  to 
total  and  particularly  saturated  fat  as  been  weakly,  but  signifi 
cantly,  positively  associated  with  breast  cancer  risk.40  Most  stud 
ies  indicate  that  consumption  of  alcoholic  beverages  may  slightly 
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TABLE  I  -  FACTORS  EVALUATED  IN  RELATION  TO  BREAST  CANCER  RISK 


Risk  factor 

Category/change 

Strength 

Gender 

Women  vs.  men 

++  +  + 

Age 

Increase 

++++ 

Ethnic  group 

Caucasian  vs.  Asian 

+++ 

Family  history 

Yes  vs.  no 

+++ 

Specific  genes 

Yes  vs.  no 

+++  + 

Cancer  in  other  breast 

Yes  vs.  no 

+++ 

Height 

Increase 

++ 

Postmenopausal  obesity 

Increase 

++ 

Birth  weight 

Increase 

+ 

Having  been  breastfed 

No  vs.  yes 

0 

Growth  in  early  life 

Increase 

+ 

Atypical  hyperplasia 

Present  vs.  absent 

+++ 

Mammographic  density 

High  vs.  low  density 

+++ 

(mammary  gland  mass) 

(increasing  mass) 

Age  at  menarche 

Earlier 

++ 

Age  at  menopause 

Later 

++ 

Type  of  menopause 

Natural  vs.  artificial 

++ 

Age  at  1  st  full  term 

Later 

+++ 

pregnancy 

Age  at  other  pregnancies 

Later 

+ 

Parity  overall 

Lower 

++ 

Pregnancy  timing 

Proximal  vs.  distant 

+ 

Lactation 

No  vs.  yes 

+ 

Abortion 

No  vs.  yes 

0 

Oral  contraceptive  use 

Increase 

+ 

(recent) 

Hormone  replacement 

Increase 

+  + 

Plant  foods  and  olive  oil 

Reduced  intake 

+ 

Saturated  fat 

Increased  intake 

+ 

Physical  activity 

Reduced 

+ 

Ethanol  intake 

Increase 

+ 

Ionizing  radiation 

Increased 

+ 

Magnetic  fields 

Increased 

0 

Organochlorines 

Increased 

0 

Association:  +  +  +  +  very  strong,  +  +  +  strong,  +  +  modest,  + 
weak,  0  null. 


increase  breast  cancer  risk,  possibly  by  increasing  estrogen  lev 
els.41  There  is  no  conclusive  evidence  for  an  association  between 
tobacco  smoking  and  the  disease.42,43 

Ionizing  radiation  is  an  established  cause  of  cancer  of  the  breast 
as  well  as  of  several  other  cancers,  but  it  is  of  limited  quantitative 
importance.  Exposure  to  organochlorines44  or  electromagnetic 
fields45  has  not  been  shown  to  be  related  to  breast  cancer. 

It  is  generally  believed  that  the  association  between  endogenous 
hormones  and  breast  cancer  risk  should  be  studied  in  prospective, 
rather  than  retrospective,  investigations,  under  the  undocumented 
assumption  that  disease  status,  even  prior  to  treatment,  may  affect 
hormone  levels.  Among  postmenopausal  women,  most  hormones 
examined  with  the  notable  exception  of  adiponectin  that  has 
been  mostly  evaluated  through  case  control  designs46,47  have 
been  positively  associated  with  breast  cancer  risk.  48  50  The  list 
includes  total  and  free  estradiol,  estrone  and  estrone  sulphate, 
androstenedione,  dehydroepiandrosterone  and  dehydroepiandros 
terone  sulphate,  testosterone  and  prolactin.  Among  premenopausal 
women,  case  control  studies  and  a  few  cohort  investigations  pro 
vide  some  support  for  a  positive  association  between  estrogens 
and  breast  cancer  risk,  but  they  also  indicate  that  high  levels  of 
androgens  could  increase  this  risk.6,51  In  both  prospective  and  ret 
rospective  studies  among  premenopausal  women,  significant  posi 
five  associations  have  been  reported  between  blood  insulin  like 
growth  factor  1  (IGF  1)  and  breast  cancer  risk.52 

The  early  life  etiological  model 

The  etiological  model  we  have  proposed  for  breast  cancer 
accommodates  most  of  what  we  know  about  the  epidemiology  of 
the  disease.  The  model  emphasizes  early  life  events  and  conditions 
as  determinants  of  breast  cancer  risk  and  summarizes  the  distinct 


epidemiological  characteristics  of  the  disease  on  the  basis  of  3 

1  c  99  53  58 

major  components  ’  ’  : 

•  The  likelihood  of  breast  cancer  occurrence  depends  on  the 
number  of  mammary  tissue  specific  stem  cells,  which  is 
determined  early  in  life,  including  the  intrauterine  life, 

•  in  early  and  later  life,  growth  enhancing  mammotropic  hor 
mones  affect  the  replication  rate  of  mammary  tissue  specific 
stem  cells,  the  likelihood  of  retention  of  cells  with  spontane 
ous  somatic  mutations  as  well  as  the  rate  of  expansion  of  ini 
tiated  clones,  and 

•  while  a  pregnancy  stimulates  the  replication  of  already  initi 
ated  cells,  it  conveys  long  term  protection  through  differen 
tiation  of  a  large  fraction  of  the  mammary  tissue  specific 
stem  cells. 

It  should  be  noted  that  several  scientists"  ’  have  postulated, 
explicitly  or  implicitly,  that  early  life  influences  may  play  a  role  in 
breast  cancer  etiology  and  there  have  even  been  early  studies 
exploring  birth  weight  as  a  breast  cancer  risk  factor.61  Moreover, 
the  issue  of  pregnancy  induced  terminal  differentiation  of  mam 
mary  gland  has  been  championed  by  Russo  and  Russo.62 


Categorization  of  breast  cancer  risk  factors  according  to 
the  3  components  of  the  early  life  etiological  model 

An  etiological  model  should  accommodate  the  epidemiological 
profile  of  the  disease  it  aims  to  explain.  In  this  context,  we  have 
categorized  the  established  breast  cancer  risk  factors  according  to 
the  3  components  of  the  early  life  etiological  model,  taking  also 
into  account  that  certain  breast  cancer  epidemiologic  characteris 
tics  reflecting  general  principles  of  carcinogenesis  relevant  to 
many  cancer  sites  (Table  II).  The  empirical  evidence  in  support  of 
the  categorization  has  been  presented  in  detail  in  earlier  publica 
tions2,5  and  is  summarized  below. 

First  component 

Mammary  gland  mass,  as  distinct  from  breast  size,  is  usually 
assessed  through  mammographic  density  and  is  an  important  breast 
cancer  risk  factor.28  Mammary  gland  mass,  which  is  likely  to  reflect 
the  pool  of  mammary  cells  and  be  correlated  with  the  number  of 
mammary  stem  cells,  3,64  can  also  accommodate  several  breast  can 
cer  risk  factors,  including  the  higher  incidence  of  the  disease  among 
Caucasian  compared  to  Asian  women  and  women  of  higher  rather 
than  lower  socioeconomic  class  as  well  as  the  preponderance  of 
breast  cancer  in  the  slightly  larger  left,  rather  than  right,  breast.65 
The  positive  associations  of  breast  cancer  risk  with  birth  weight, 
growth  in  early  life  and  adult  height  could  also  be  explained  in  tenns 
of  mammary  gland  mass.  Finally,  at  the  extreme,  the  strikingly 
higher  breast  cancer  risk  among  women  than  among  men,  even  in 
later  life  when  estrogen  production  is  not  substantially  different 
between  the  2  genders,  is  best  explained  by  the  correspondingly 
higher  mammary  gland  mass  among  women  than  among  men. 

Second  component 

Most  investigators  agree  that  oestrogens  in  general,  or  specific 
categories  of  oestrogens,  or  prolactin,  or  other  hormones,  including 
IGF,  are  important  in  the  etiology  of  breast  cancer.  Our  view  is  that 
all  growth  enhancing  and  mammotropic  hormones  are  involved  in 
one  or  more  stages  in  the  long  process  leading  to  clinical  breast  can 
cer.  An  important  issue  that  has  not  been  sufficiently  explored  in  em 
pirical  research  is  the  way  these  hormones  interact  in  the  causation 
of  the  disease.  A  small  study  presented  evidence  that  mammotropic 
hormones  may  act  as  permissive  factors  for  breast  cancer  occurrence 
and  that  values  of  any  one  of  these  above  a  certain  level  may  suffice 
for  sustaining  growth  of  a  developing  tumor66  the  finding  is  in 
triguing  but  requires  confirmation  in  larger  datasets.  The  second 
component  of  the  etiologic  model  accommodates  our  knowledge 
about  the  role  of  reproductive  factors  in  the  etiology  of  the  disease 
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TABLE  II  -  GROUPING  OF  BREAST  CANCER  RISK  FACTORS  ACCORDING  TO  THE  GENERAL  PRINCIPLES  OF  CARCINOGENESIS 

AND  THE  POSTULATED  PATHOGENIC  PROCESS 


General  principles  of  carcinogenesis 

Number  of  mammary  tissue 
specific  stem  cells 

Growth  enhancing 
mammotropic  hormones 

Terminal  differentiation 

Age 

Mammographic  density  (gland  mass) 

Gender 
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Age  at  other  pregnancies 

Family  history 
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Lactation 

as  well  as  that  of  alcohol  drinking  (which  tends  to  increase  oestrogen 
levels),  physical  activity  and  adult  life  diet.2,5 

Third  component 

Terminal  differentiation  of  the  mammary  gland  takes  place 
mostly  after  the  occurrence  of  the  first  full  term  pregnancy,  and  to 
a  lesser  extent,  after  the  occurrence  of  subsequent  pregnancies  and 
lactation.67  The  later  the  age  at  first  full  term  pregnancy,  the 
higher  the  number  of  already  initiated  cells  and  the  more  limited 
the  protection  conveyed  by  pregnancy.  Beyond  the  age  of  35  or 
so,  the  transient  increase  of  breast  cancer  risk  that  accompanies  a 
pregnancy  (due  to  the  effect  on  already  initiated  clones  of  the 
many  fold  increases  of  mammotropic  and  growth  enhancing  hor 
mones)  overshadows  the  protection  conveyed  by  the  terminal  dif 
ferentiation  of  immature  mammary  cells.  The  3rd  component  of 
the  etiologic  model  also  accommodates  what  was  largely  thought 
to  be  an  enigma,  namely  why  breast  cancer  risk  is  higher  among 
parous  than  among  nulliparous  women  of  premenopausal  age. 

The  ecological  challenges 

One  of  the  most  challenging  characteristics  in  breast  cancer  epi 
demiology  is  the  shaip  ecological  contrast  in  breast  cancer  inci 
dence  between  women  in  western  Europe  and  North  America  and 
women  in  China  and  Japan,1 2 3 *  which  fades  in  Asian  women  migrat 
ing  to  the  west  after  2  or  more  generations.  Neither  reproductive 
nor  dietary  factors  in  adult  life  can  explain  the  4  fold  difference  in 
incidence  observed  in  these  populations,8,68  nor  can  they  explain 
the  subsequent  incidence  assimilation.  On  the  contrary,  diet  in 
early  life  could  provide  an  explanation  for  the  ecological  contrast 
in  the  context  of  the  early  life  etiological  model:  reduced  energy 
intake  in  early  life  is  associated  with  smaller  body  size  in  adult 
life  and  smaller  body  size  constrains  birth  weight  and  subsequent 
development  of  offspring.  Increased  energy  intake,  on  the  other 
hand,  facilitates  growth  and  removes  constrains  on  birth  weight 
and  eventual  body  size.  This  cycle  tends  to  repeat  over  consecu 
five  generations  of  Asian  migrants  in  western  countries  and  is 
associated  with  a  gradual  increase  in  body  size  and  breast  cancer 
incidence  among  them.22,57 

The  early  life  etiological  model  is  not  refuted  by  the  fact  that 
populations  at  low  risk  for  breast  cancer  have  higher  levels  of 
most  pregnancy  or  possibly  adult  life  hormones.  9  It  is  plausi 
ble  that  in  striking  ecological  contrasts  (e.g.  between  native  Chi 


nese  and  Caucasian  populations),  pregnancy  growth  hormones 
tend  to  increase  in  order  to  compensate  for  physically  constrained 
fetal  growth58,70  and  the  perinataly  programmed  higher  levels  of 
these  hormones  could  track  through  adult  life. 


Avenues  of  future  research 

Future  research  assessing  the  early  life  aspects  of  the  etiology 
of  breast  cancer  could  follow  many  directions  and  some  of  them 
are  outlined  here.  Hsieh  and  coworkers65,71,72  are  evaluating  how 
pregnancy  mammotropic  and  growth  hormones  affect  cord  blood 
stem  cell  populations.  In  their  recent  work,  they  reported  that  cord 
blood  plasma  levels  of  IGF  1  were  strongly  correlated  with  all  the 
hematopoietic  stem  and  progenitor  concentrations  examined, 
whereas  estriol  and  insulin  like  growth  factor  binding  protein  3 
levels  were  positively  and  significantly  correlated  with  some  of 
these  cell  populations.  Hilakivi  Clarke  and  her  coworkers  have 
used  rodent  models  to  explore  the  ways  through  which  diet  and 
otherwise  induced  epigenetic  changes  in  target  genes  might  lead 
to  strategies  to  prevent  breast  cancer.73,74  Critically  important 
results  may  also  emerge  from  a  unique  follow  up  of  women  born 
to  mothers  who  have  taken  diethylstilbestrol  (DES)  during  their 
pregnancies.  Two  recent  publications  indicated  that  in  utero  DES 
exposure  may  substantially  increase  breast  cancer  risk  in  the  off 
spring.75,76  Moreover,  it  would  be  important  to  firmly  document 
what  has  already  been  reported  in  previous  publications,  that  is, 
that  perinatal  characteristics  predictive  of  high  breast  cancer  risk 
in  adult  life  are  also  predictive  of  high  breast  cancer  risk  mammo 
graphic  patterns.77,78 


Conclusion 

The  early  life  etiologic  model  we  have  outlined  accommodates 
the  existing  epidemiological  evidence.  Its  3  components  refer  to 
stages  of  a  single  biological  process  that  points  to  the  number  of 
mammary  tissue  specific  stem  cells  as  a  core  determinant  of  breast 
cancer  risk.  The  first  component  focuses  on  the  perinatal  period, 
when  stem  cells  are  generated.  The  second  component  concen 
trates  on  preinitiation  and  postinitiation  growth  factors  that  modu 
late  the  number  of  mammary  stem  cells  at  risk  and  the  growth  of 
the  initiated  clones.  The  third  postulate  explains  how  cells  at  risk 
are  removed  through  terminal  differentiation. 
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In  a  major  undertaking  reported 
in  this  issue  of  PLoS  Medicine,  a 
collaborative  group  co-ordinated  by 
Isobel  dos  Santos  Silva  provide  all  but 
conclusive  evidence  that  birth  size  is  a 
predictor  of  breast  cancer  risk  in  adult 
life  [1].  The  researchers  compiled  and 
reanalysed  individual  participant  data 
from  32  studies,  comprising  22,058 
cases  of  breast  cancer.  On  the  basis 
of  reliable  data  retrieved  from  birth 
records,  they  found  that  an  increase 
of  birth  weight  by  500  grams  was 
associated  with  a  statistically  significant 
6%  increase  in  breast  cancer  risk; 
whereas,  controlling  for  birth  weight, 
an  increase  of  birth  length  by  two 
centimetres  was  associated  with  a  9% 
increase  in  this  risk.  The  relative  size  of 
the  effects  is  small,  but  the  individual 
studies  driving  the  conclusion  were  of 
sound  epidemiological  design  (cohort 
or  nested  case-control)  and  relied 
on  objectively  documented  birth  size 
parameters,  allowing  little  room  for 
selection  or  information  bias.  Now 
that  the  question  of  whether  birth 
size  is  associated  with  breast  cancer 
risk  appears  to  be  settled,  a  number 
of  additional  questions  need  to  be 
addressed. 

How  Important  Are  These  Findings 
in  Biological  and  Practical  Terms? 

In  practical  terms,  a  10%  increase  in 
breast  cancer  risk  at  the  higher  birth 
size  category  is  certainly  small,  but 
not  trivial  for  a  common  disease  like 
breast  cancer.  Indeed,  the  gradient 
is  in  the  same  order  of  magnitude  as 
that  found  for  other  common  risk 
factors  for  breast  cancer,  such  as  age 
at  menarche,  age  at  menopause,  or 
postmenopausal  obesity  [2].  And, 
from  a  biological  point  of  view,  it 
is  certainly  important  to  document 
a  phenomenon  that  indicates  the 
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Linked  Research  Article 

This  Perspective  discusses  the 
following  new  study  published  in  PLoS 
Medicine: 

dos  Santos  Silva  I,  De  Stavola  B, 
McCormack  V,  Collaborative  Group  on 
Pre-Natal  Risk  Factors  and  Subsequent 
Risk  of  Breast  Cancer  (2008)  Birth  size 
and  breast  cancer  risk:  Re-analysis 
of  individual  participant  data  from 
32  studies.  PLoS  Med  5(9):  el  93. 
doi:l  0.1 371 /journal. pmed.00501 93 

Isobel  dos  Santos  Silva  and  Bianca 
De  Stavola  and  colleagues  reanalyzed 
individual  participant  data  from  32 
published  and  unpublished  studies 
to  obtain  precise  estimates  of  the 
association  between  birth  size  and  breast 
cancer  risk. 


involvement  of  intrauterine  processes 
in  a  major  human  cancer,  as  has 
already  been  done  in  animal  models 
[3], 

Can  the  Results  Help  To  Explain 
Patterns  in  Breast  Cancer  Incidence 
Around  the  World? 

The  observation  of  sharp  ecological 
contrasts  in  breast  cancer  incidence 
around  the  world  is  one  of  the 
most  challenging  features  in  the 
epidemiology  of  the  disease,  and 
every  hypothesis  on  the  aetiology 
of  breast  cancer  should  be  able  to 
accommodate  these  contrasts.  Breast 
cancer  incidence  among  women  of 
European  descent  in  the  Western 
world  is  several  times  higher  than  that 
among  Chinese  or  Japanese  women  in 
Asia.  The  gradual  elimination  of  this 
difference  over  several  generations 
among  Asian  migrants  in  Western 
countries  implies  that  genetic  factors 
are  not  responsible  for  the  ecological 
contrasts  [2]. 

In  our  view,  the  results  of  the  new 
collaborative  group  study  [1]  are 
compatible  with  the  ecological  patterns 
of  breast  cancer  incidence.  Newborns 


in  China  have  lower  birth  weight  than 
newborns  of  European  descent  in  the 
United  States,  largely  due  to  differences 
in  maternal  anthropometry  that  impose 
physical  constraints  on  newborn  size 
[4] .  Migration  from  China  to  the  US 
is  associated  with  increased  energy 
intake,  leading  to  increased  adult 
body  size  (including  pelvic  size) , 
and  consequendy  to  the  removal  of 
constraints  on  birth  weight.  The  cycle 
tends  to  repeat  itself  over  consecutive 
generations  of  Asians  migrating  to  the 
West  and  is  associated  with  a  gradual 
increase  of  breast  cancer  incidence  in 
this  population  [4] .  In  the  collaborative 
group  study  [  1  ] ,  controlling  for  adult 
height  only  slightly  reduced  the 
association  of  birth  size  with  breast 
cancer  risk,  but,  as  the  authors  indicate, 
the  adjustment  was  based  on  a  small 
number  of  cases  and  misclassification 
may  have  hindered  documentation  of 
an  important  mediating  role  of  adult 
height. 
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Can  We  Integrate  the  Study's 
Findings  into  Our  Current 
Understanding  of  the  Early  Stages 
in  the  Natural  History  of  Breast 
Cancer? 

Our  current  understanding  of  the  early 
stages  in  the  natural  history  of  breast 
cancer  is  limited.  Hilakivi-Clarke  and 
de  Assis  have  suggested  that  epigenetic 
modifications  associated  with  large 
birth  size  lead  to  modifications  in 
mammary  gland  development  and 
increased  vulnerability  of  epithelial 
targets  for  malignant  transformation 
[3] .  It  has  also  been  postulated 
that  higher  birth  size  is  associated 
with  higher  levels  of  pregnancy 
hormones,  including  estrogens  and 
insulin-like  growth  factor  1 ,  which 
favour  the  generation  of  a  higher 
number  of  susceptible  stem  cells  with 
compromised  genomic  stability  [5],  In 
this  context,  mammary  gland  mass,  an 
important  determinant  of  breast  cancer 
risk,  could  be  viewed  as  an  adult  life 
correlate  of  the  number  of  mammary 
cells  susceptible  to  transformation 
[5,6].  The  group  led  by  Chung- 
Cheng  Hsieh  of  the  University  of 
Massachusetts  is  doing  important  work 
in  this  field.  This  group  has  reported 
that  high  levels  of  insulin-like  growth 
factor  1  and  estriol  are  associated  with 
larger  pools  of  stem  cells  in  the  cord 
blood  [7] ,  and  that  birth  size  is  also 
associated  with  the  stem  cell  pool  [8] . 

Are  There  Implications  for  the 
Primary  Prevention  of  Breast 
Cancer? 

Documentation  of  a  positive  association 
of  birth  size,  particularly  birth  length, 
with  breast  cancer  risk  in  adult  life 
may  improve  prediction  of  disease  risk, 
but  does  not  offer  much  opportunity 


for  prevention,  particularly  since 
birth  size  is  inversely  associated  with 
cardiovascular  risk  [9] .  The  situation 
could  change  if  other  periods  in  early 
life,  particularly  postnatal  life,  were 
found  to  be  related  to  adult  life  breast 
cancer  risk.  In  any  case,  recognition 
of  early  life  influences  as  critical  in 
the  aetiology  of  breast  cancer  helps  to 
explain  why  several  adult  life  primary 
prevention  practices  have  been  of 
limited  effectiveness. 

Are  Perinatal  Exposures  Important 
for  Breast  Cancer  Only,  Or  Could 
They  Affect  Risk  of  Other  Cancers 
As  Well? 

The  mammary  gland  seems  to  be  the 
only  organ  that  is  not  fully  developed 
at  birth  [10] ,  which  implies  that 
mammary  tissue-specific  stem  cells  may 
remain  in  a  quiescent  stage  for  longer 
periods  than  tissue-specific  stem  cells 
for  other  organs.  This  could  provide 
an  explanation  for  why  intrauterine 
factors  are  more  important  for  breast 
cancer  than  for  other  cancers.  It  is 
reasonable,  however,  to  expect  that 
intrauterine  factors  could  affect  the 
risk  of  other  forms  of  cancer,  albeit  to  a 
lesser  extent.  In  fact,  weak  birth  weight 
associations  have  been  reported  for 
other  cancers,  although  the  evidence  is 
still  limited  [11]. 

The  intrauterine  life  has  been 
implicated  in  the  aetiology  of  breast 
cancer  on  the  basis  of  theoretical 
arguments  and  epidemiological 
considerations  [12].  However,  the 
documentation  of  its  role  in  breast 
cancer  risk  has  relied  on  studies  linking 
birth  size  to  this  risk.  The  Collaborative 
Group  on  Pre-Natal  Risk  Factors  and 
Subsequent  Risk  of  Breast  Cancer 
has  elegantly  and  most  efficiently 


reanalysed  these  studies  and,  by 
pooling  together  data  at  the  individual 
level,  has  provided  the  strongest 
evidence  yet  that  birth  size  is  a  critical 
determinant  of  breast  cancer  risk  in 
adult  life.  ■ 

References 

1.  dos  Santos  Silva  I,  De  Stavola  B,  McCormack  V, 
Collaborative  Group  on  Pre-Natal  Risk  Factors 
and  Subsequent  Risk  of  Breast  Cancer  (2008) 
Birth  size  and  breast  cancer  risk:  Re-analysis 
of  individual  participant  data  from  32  studies. 
PLoS  Med  5:  el93.  doi:10. 1371/journal. 
pmed.0050193 

2.  Hankinson  S,  Tamimi  R,  Hunter  D  (2008) 
Breast  cancer.  In:  Adami  HO,  Hunter  D, 
Trichopoulos  D,  editors.  Textbook  of  cancer 
epidemiology.  2nd  edition.  Oxford:  Oxford 
University  Press,  pp  403-445. 

3.  Hilakivi-Clarke  L,  de  Assis  S  (2006)  Fetal 
origins  of  breast  cancer.  Trends  Endocrinol 
Metab  17:  340-348. 

4.  Lagiou  P,  Hsieh  CC,  Trichopoulos  D,  Xu  B, 
Wuu  J,  et  al.  (2003)  Birthweight  differences 
between  USA  and  China  and  their  relevance 
to  breast  cancer  aetiology.  Int  J  Epidemiol  32: 
193-198. 

5.  Trichopoulos  D,  Lipman  R  (1992) 

Mammary  gland  mass  and  breast  cancer  risk. 
Epidemiology  3:  523-526. 

6.  Adami  H-O,  Persson  I,  Ekbom  A,  Wolk  A, 
PontenJ,  et  al.  (1995)  The  aetiology  and 
pathogenesis  of  human  breast  cancer.  Mutat 
Res  333:  29-35. 

7.  Savarese  TM,  Strohsnitter  WC,  Low  HP,  Liu  Q, 
Baik  I,  et  al.  (2007)  Correlation  of  umbilical 
cord  blood  hormones  and  growth  factors 
with  stem  cell  potential:  Implications  for  the 
prenatal  origin  of  breast  cancer  hypothesis. 
Breast  Cancer  Res  9:  R29. 

8.  Strohsnitter  WC,  Savarese  TM,  Low  HP, 
Chelmow  DP,  Lagiou  P,  et  al.  (2008) 
Correlation  of  umbilical  cord  blood 
haematopoietic  stem  and  progenitor  cell  levels 
with  birth  weight:  Implications  for  a  prenatal 
influence  on  cancer  risk.  Br  J  Cancer  98: 
660-663. 

9.  Barker  DJ,  Winter  PD,  Osmond  C,  Margetts 
B,  Simmonds  SJ  (1989)  Weight  in  infancy  and 
death  from  ischaemic  heart  disease.  Lancet  2: 
577-580. 

10.  Russo  J,  Rivera  R,  Russo  IH  (1992)  Influence 
of  age  and  parity  on  the  development  of  the 
human  breast.  Breast  Cancer  Res  Treat  23: 
211-218. 

11.  Ahlgren  M,  WohlfahrtJ,  Olsen  LW,  S0rensen 
TI,  Melbye  M  (2007)  Birth  weight  and  risk  of 
cancer.  Cancer  110:  412-419. 

12.  Trichopoulos  D  (1990)  Hypothesis:  Does  breast 
cancer  originate  in  utero?  Lancet  335:  939-940. 


PLoS  Medicine  |  www.plosmedicine.org 


1307 


September  2008  |  Volume  5  |  Issue  9  |  el  94 


APPENDIX  4 

PDF  copies  of  publications  on  indirectly  relevant  research  questions 
with  reference  to  support  by  the  W81XWH-05-1-0314  Innovator  Award 


119 


1720 


Hypothesis/Commentary 

Plasma  Volume  Expansion  in  Pregnancy:  Implications  for 
Biomarkers  in  Population  Studies 


Jessica  M.  Faupel-Badger,1'2  Chung-Cheng  Hsieh,5  Rebecca  Troisi,3 
Pagona  Lagiou,6'7  and  Nancy  Potischman4 

division  of  Cancer  Prevention,  2Mammary  Biology  and  Tumorigenesis  Laboratory,  Center  for  Cancer  Research,  3Division  of  Cancer 
Epidemiology  and  Genetics,  and  4Division  of  Cancer  Control  and  Population  Sciences,  National  Cancer  Institute,  Bethesda, 
Maryland;  5University  of  Massachusetts  Medical  School,  Worcester,  Massachusetts;  department  of  Hygiene 
and  Epidemiology,  University  of  Athens  Medical  School,  Athens,  Greece;  and  department  of  Epidemiology, 

Harvard  School  of  Public  Health,  Boston,  Massachusetts 


Abstract 

There  is  a  growing  body  of  literature  focused  on 
endogenous  hormone  exposures  during  pregnancy  and 
subsequent  cancer  risk  for  both  mother  and  offspring. 
Examples  of  these  studies  include  those  focused  on  the 
biological  mechanism  for  the  association  of  preeclamp¬ 
sia  with  reduced  risk  of  breast  cancer  for  mother  and 
female  offspring  or  studies  that  have  examined 
hormone  concentrations  during  pregnancy  between 
different  ethnic  groups  who  vary  in  their  rates  of 
breast  cancer  incidence.  Although  these  studies  seem 
relatively  straightforward  in  conception  and  analysis, 
measurement  of  the  concentration  of  hormones  and 
other  biomarkers  in  pregnant  subjects  is  influenced  by 
plasma  volume  expansion  (PVE).  During  pregnancy, 
the  maternal  plasma  volume  expands  45%  on  average 
to  provide  for  the  greater  circulatory  needs  of  the 
maternal  organs.  Consequently,  serum  protein  and 
hormone  concentrations  are  greatly  altered  when 
comparing  the  pregnant  with  nonpregnant  state. 


Assessing  PVE  also  is  complicated  by  the  vast 
individual  variation  in  PVE,  ranging  from  minimal  to 
a  2-fold  increase.  We  propose  that  PVE  needs  to  be 
evaluated  when  comparing  biomarker  concentrations 
during  pregnancy  in  two  populations  that  may  differ 
with  respect  to  PVE.  Small  body  size  is  associated  with 
lower  PVE  compared  with  higher  body  size.  Therefore, 
we  hypothesize  that  variation  in  PVE  will  influence 
the  interpretation  of  differences  in  biomarker  concen¬ 
trations  across  population  groups  with  respect  to  the 
etiologic  significance  of  the  biomarker  to  the  disease 
under  study  (e.g.,  breast  cancer).  It  is  possible  that 
some  observations  may  be  due  only  to  differences  in 
dilution  between  the  two  groups.  We  present  PVE  as  a 
topic  for  consideration  in  population-based  studies, 
examples  of  the  types  of  studies  where  PVE  may  be 
relevant,  and  our  own  analysis  of  one  such  study  in  the 
text  below.  (Cancer  Epidemiol  Biomarkers  Prev 
2007;16(9):1720  3) 


Introduction  to  Plasma  Volume  Expansion  in 
Pregnancy 

During  pregnancy,  maternal  plasma  volume  increases  to 
meet  the  greater  circulatory  needs  of  the  placenta  and 
maternal  organs  (e.g.,  uterus,  breasts,  skin,  and  kidneys), 
with  an  average  increase  of  —45%  (1-5).  There  are  vast 
differences  among  women,  however,  from  a  minimal 
change  to  a  doubling  in  plasma  volume  (1,  6,  7).  Several 
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factors  can  influence  plasma  volume  expansion  (PVE) 
including  maternal  pre-pregnancy  body  mass  index 
(BMI;  ref.  8).  In  studies  that  have  examined  ethnic 
differences  in  PVE,  populations  that  are  on  average 
shorter  and  weigh  less  exhibit  less  absolute  change  in 
plasma  volume  (9-11).  This  was  well  documented  in  a 
report  comparing  plasma  volumes  between  Indians  and 
Europeans  (10).  Furthermore,  of  studies  examining  PVE 
across  different  ethnicities,  all  show  vast  individual 
variation  in  PVE  as  well  (9-11).  Much  of  the  variation  is 
unexplained,  although  it  is  known  that  PVE  is  positively 
associated  with  parity  (12),  multiple  births  (13-15),  higher 
birth  weight  (16,  17),  and  increased  maternal  pre¬ 
pregnancy  BMI  (8)  and  inversely  associated  with 
conditions  of  decreased  fetal  growth  (e.g.,  intrauterine 
growth  restriction)  and  compromised  placental  develop¬ 
ment  (e.g.,  preeclampsia;  refs.  1,  2,  18-20). 

In  clinical  practice,  PVE  or  'hemodilution'  is  addressed 
by  modifying  the  criteria  for  diagnostic  biomarkers.  For 
example,  the  cut-point  for  anemia  or  iron  deficiency, 
which  is  defined  by  hemoglobin  <12.0  g/dL  in  the 
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nonpregnant  state,  is  changed  to  <11.0  g/dL  in  the  first 
and  third  trimesters  and  <10.5  g/dL  in  the  second 
trimester.  This  corresponds  to  the  increase  in  plasma 
volume  starting  at  6  to  10  weeks  of  gestation  that  rises 
sharply  through  the  second  trimester,  before  beginning 
to  plateau  at  32  weeks  (1). 

PVE  and  Population  Studies 

Highlighting  diagnosis  of  anemia  in  clinical  practice 
shows  that  PVE  can  have  significant  effects  on  biomarker 
concentrations.  The  implications  of  interindividual  and 
between-group  variability  in  PVE,  however,  have  gener¬ 
ally  not  been  addressed  in  large  population-based 
research  studies  involving  pregnant  subjects.  In  etiologic 
studies,  this  variability  could  introduce  bias  in  the  form 
of  confounding  if  it  were  related  to  both  the  factor  under 
study  (e.g.,  preeclampsia)  and  the  biomarker.  Thus, 
accounting  for  PVE  would  be  essential  for  a  study 
focused  on  elucidating  biomarkers  involved  in  the  causal 
pathway  of  a  disease.  For  example,  in  preeclampsia, 
there  is  less  PVE  than  in  uncomplicated  pregnancies 
(1,  2,  19).  High  concentrations  of  a  biomarker  such  as 
sex  hormone  binding  globulin  (21)  or  soluble  fms-like 
tyrosine  kinase  (1,  22,  23)  among  preeclamptic  women 
compared  with  women  who  have  uncomplicated  preg¬ 
nancies  may  reflect  an  etiologically  relevant  difference 
and/or  the  lower  hemodilution  in  preeclampsia.  We 
hypothesize  that  variation  in  PVE  will  affect  the 
interpretation  of  differences  in  biomarker  concentrations 
between  individuals  or  population  groups,  especially 
with  respect  to  etiologic  significance,  and  that  evaluation 
of  PVE  should  be  considered  in  population  studies 
involving  pregnant  women. 

Other  examples  in  which  individual  variation  in  PVE 
may  affect  interpretation  include  when  biomarkers  are 
used  to  measure  the  success  of  nutritional  intervention 
during  pregnancy  (24).  In  some  areas  of  Asia,  it  is  not 
uncommon  for  pregnant  women  to  be  deficient  in 
multiple  micronutrients  (24,  25).  To  address  this  issue, 
one  study  among  rural  pregnant  women  in  Nepal 
evaluated  the  effects  of  micronutrient  supplementation 
on  serum  retinol,  folate,  riboflavin,  and  25-hydroxyvita- 
min  D  concentrations  (26).  Assuming  this  population  has 
wide  variation  in  individual  PVE,  as  has  been  shown  in 
other  populations,  PVE  may  affect  the  perceived  success 
of  this  intervention  in  individual  women.  Furthermore, 
variability  in  nutritional  status  and  hydration  across 
individuals  could  influence  the  apparent  concentrations 
of  nutrients  of  interest  in  this  study  via  effects  on  PVE. 

Measurement  of  PVE,  Biomarker  Concentrations, 
and  Relation  to  Outcomes 

PVE  also  may  be  an  important  factor  in  studies  focused 
on  understanding  what  biological  features  mediate 
associations  of  pregnancy  characteristics  with  subse¬ 
quent  development  of  chronic  disease  in  either  the 
mother  or  offspring.  For  example,  preeclampsia  is 
associated  with  decreased  breast  cancer  risk  for  both 
the  mother  and  female  offspring  (27).  Population-based 
studies  of  circulating  biomarkers  in  preeclamptic  and 
normotensive  pregnancies  have  been  conducted  to 
elucidate  possible  biological  mechanisms.  Serum  andro¬ 


gen  concentrations  at  delivery  are  observed  to  be  higher 
in  preeclamptic  women  than  in  those  with  normal 
pregnancies  (28).  Progesterone  concentrations  also  seem 
higher  in  maternal  serum  during  the  27th  week  of 
pregnancy  when  comparing  preeclamptic  with  normal 
pregnancies  (29).  Could  the  lower  PVE  that  preeclamptic 
women  experience  relative  to  normotensive  women 
explain  their  apparently  higher  concentration  of  serum 
hormones?  And  if  so,  are  differences  due  to  PVE  of 
etiologic  importance  if  the  target  tissues  are  exposed  to 
the  same  total  amount  of  the  hormones? 

Direct  methods  of  measuring  plasma  volume  are 
labor  intensive  and  not  easily  adapted  to  large  studies. 
Methods  to  approximate  plasma  volume  involve  labeling 
of  albumin,  with  Evan's  blue  dye  being  the  most  com¬ 
mon  technique  (11,  30).  This  method  requires  sampling 
plasma  after  injecting  the  patient  with  Evan's  blue  dye 
and  allowing  time  (a  minimum  of  10  min)  for  sufficient 
mixing  of  the  dye  with  plasma.  The  decay  of  Evan's  blue 
dye  is  measured  by  the  absorbance  at  610  nm  and  plasma 
volume  in  milliliters  per  kilogram  can  be  calculated  from 
the  absorbance  measurement  (30).  In  addition  to  patient 
monitoring  during  the  dye  injection  and  sample  collec¬ 
tion,  it  also  is  recommended  that  the  patient  observe  a 
30-min  rest  period  before  injection  and  that  women  in 
late  pregnancy  lay  on  their  sides  during  injection  to  pro¬ 
mote  mixing  of  the  dye  (11,  30).  Measuring  Evan's  blue 
dye  at  one  point  in  time  can  approximate  a  measurement 
of  plasma  volume;  however,  to  measure  the  increase  in 
plasma  volume,  an  individual  would  need  to  have  the 
Evan's  blue  dye  measurement  completed  more  than  once 
during  pregnancy.  These  measurements  across  time  points 
would  then  be  used  to  determine  the  amount  of  PVE  for 
the  individual.  This  technique  involves  significant  patient 
burden  and  is  not  practical  for  large  studies. 

In  population-based  studies,  accounting  for  PVE  in  the 
data  analysis  by  adjustment  for  factors  highly  predictive 
of  PVE  is  more  feasible.  We  reanalyzed  data  from  a 
published  study  comparing  maternal  hormone  concen¬ 
trations  in  women  from  Boston  and  Shanghai  (31)  to 
determine  if  adjusting  for  correlates  of  PVE  would  affect 
the  observed  differences  in  estradiol  concentrations.  The 
women  for  this  study  were  recruited  from  urban  clinics 
affiliated  with  Beth  Israel  Hospital  in  Boston  and  three 
urban  and  one  rural  clinic  in  China  affiliated  with 
Shanghai  Medical  University.  The  women  were  all  under 
the  age  of  40  years  and  were  either  Caucasian  in  Boston 
or  Chinese  in  Shanghai.  The  purpose  of  the  published 
study  was  to  explore  the  hypothesis  that  fetal  exposures, 
such  as  high  in  utero  hormone  concentrations,  may  be 
associated  with  the  development  of  breast  cancer  in  the 
offspring,  using  two  populations  with  different  disease 
incidence  (31).  Two  serum  samples,  collected  at  16  and  27 
weeks  of  gestation,  were  used  to  evaluate  estradiol, 
estriol,  prolactin,  progesterone,  growth  hormone,  albu¬ 
min,  and  sex  hormone  binding  globulin.  Given  that 
women  in  Shanghai  have  approximately  one  fifth  the 
incidence  of  breast  cancer  of  women  in  Boston  (32),  it 
was  hypothesized  that  the  women  from  Shanghai  would 
have  lower  hormone  concentrations.  In  contrast,  for 
every  compound  measured,  the  women  from  Shanghai 
had  significantly  higher  concentrations  with  the  excep¬ 
tion  of  progesterone  at  27  weeks.  The  results  from  this 
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Table  1.  Percentage  difference  in  maternal  estradiol  at  16  wks  of  gestation  comparing  Chinese  with  U.S. 
concentrations  by  strata  of  pre-pregnancy  BMI,  uniparous  subjects  only 


Adjusted  for:  With  further  adjustment  for: 


Pre  pregnancy  BMI 
(kg/m2) 

Boston  (n) 

Shanghai  (/;) 

Maternal  age, 
gestational  age 

Albumin 

Albumin, 
pre  weight 

Albumin, 

height 

Albumin, 
pre  BMI 

Albumin, 
birth  weight 

<19.1 

21 

84 

37.3* 

39.5* 

38.2* 

35.2* 

40.5* 

40.8* 

19.1  20.5 

30 

68 

24.5* 

31.0* 

19.8 

20.5 

30.8* 

31.0* 

20.6  22.2 

34 

46 

12.6 

16.4 

15.9 

16.6 

16.7 

14.7 

22.3+ 

36 

22 

34.8* 

35.6* 

34.3* 

37.7* 

34.3* 

35.8* 

All  subjects 

121 

200 

26.7* 

30.5* 

27.7* 

29.0* 

29.4* 

30.6* 

NOTE:  Adjusted  for  maternal  age,  pre-pregnancy  weight,  pre-pregnancy  BMI,  height,  and  albumin  measured  at  week  16,  and  offspring  birthweight  and 
gestational  age. 

*P  <  0.05. 


study  were  unexpected  as  Chinese  women  are  known  to 
have  lower  circulating  estradiol  concentrations  than 
Caucasian  women  in  the  nonpregnant  state  (33-35). 

We  hypothesized  that  differences  in  PVE  between  the 
Chinese  and  U.S.  populations  could  explain  the  higher 
estradiol  concentrations  observed  among  the  Chinese. 
Asian  women  have  lower  values  for  several  correlates  of 
PVE,  such  as  height,  weight,  and  infant  birth  weight, 
when  compared  with  Caucasian  women  (31,  36,  37).  To 
assess  whether  the  higher  hormone  concentrations 
present  in  Asian  women  were  a  result  of  less  PVE 
compared  with  Caucasian  women,  we  analyzed  the  data 
set  from  Lipworth  et  al.  (31)  adjusting  for  or  stratifying 
on  correlates  of  PVE.  The  analysis  was  restricted  to 
uniparous  (i.e.,  first  pregnancy)  women  because  parity  is 
known  to  affect  PVE  (11).  Regression  analysis  with  log- 
transformed  estradiol  as  the  dependent  variable  and 
with  adjustment  for  maternal  age,  pre-pregnancy  weight, 
height,  pre-pregnancy  BMI,  birth  weight,  and  albumin 
concentration  allowed  calculation  of  percentage  differ¬ 
ence  in  estradiol  concentrations  between  the  Shanghai 
and  Boston  populations  for  subjects  with  complete  data 
on  covariates  (131  subjects  for  Boston  and  220  in 
Shanghai).  Similar  to  results  in  the  original  study,  among 
all  uniparous  women  in  our  analysis,  the  estradiol 
concentrations  in  the  women  from  Shanghai  were 
26.7%  higher  than  the  estradiol  concentrations  in  the 
women  from  Boston,  at  16  weeks  of  gestation,  after 
adjusting  for  maternal  age  and  gestational  week.  Table  1 
presents  the  percentage  difference  among  women  at  16 
weeks  of  gestation  within  the  same  category  of  pre¬ 
pregnancy  BMI  to  attempt  to  further  account  for  PVE. 
The  differences  in  estradiol  concentrations  between  the 
Boston  and  Shanghai  populations  were  strongest  at  16 
weeks  and  adjustment  for  correlates  of  PVE,  including 
maternal  pre-pregnancy  BMI  and  birth  weight,  had  no 
effect.  Results  for  analyses  of  estradiol  concentrations  at 
week  16  were  similar  when  all  subjects  from  the 
Lipworth  study,  uniparous  and  multiparous,  were 
included  in  the  analyses  (data  not  shown). 

Conclusions  and  Comments  for  Future  Analysis 
of  PVE 

Our  reanalysis  of  the  estradiol  data  shows  that  the 
difference  in  estradiol  concentrations  between  the  Boston 
and  Shanghai  populations  cannot  be  explained  by 
adjusting  for  currently  accepted  correlates  of  PVE. 


Therefore,  we  have  two  possible  conclusions.  The  differ¬ 
ence  in  estradiol  concentrations  between  these  two 
populations  may  be  real  and  due  to  factors  other  than 
differences  in  PVE.  Alternatively,  it  is  possible  that  pre¬ 
pregnancy  BMI  may  not  be  a  sufficient  marker  of  PVE.  In 
nonpregnant  women,  it  may  be  possible  to  adjust  for 
differences  in  plasma  volume  by  including  BMI  in  the 
model,  as  BMI  is  highly  correlated  with  plasma  volume  in 
healthy,  nonpregnant  individuals  (8).  Whereas  pre-preg¬ 
nancy  BMI  is  currently  an  accepted  correlate  for  PVE, 
other  factors  (e.g.,  physiologic  processes  related  to 
adaptation  to  pregnancy  and  size  of  fetus)  besides 
maternal  size  can  affect  PVE,  thus  suggesting  that  pre¬ 
pregnancy  BMI  may  not  be  the  most  adequate  correlate  of 
PVE,  although  it  may  be  the  best  one  in  use  at  this  time. 

Although  reanalysis  of  the  data  from  the  study  by 
Lipworth  et  al.  did  not  support  our  hypothesis  that  pre¬ 
pregnancy  BMI  would  be  a  sufficient  predictor  to 
account  for  PVE,  it  may  be  worth  considering  this  type 
of  analysis  in  other  studies  with  larger  numbers  or 
among  different  ethnicities.  In  addition,  to  fully  account 
for  any  effects  of  PVE,  it  may  be  that  new  proxies  or 
methods  to  evaluate  PVE  need  to  be  developed  for 
practical  use  in  large  studies.  While  new  proxies  or 
methods  are  being  explored,  other  avenues  to  measure 
hormone  exposure  during  pregnancy  could  be  used  to 
circumvent  the  issue  of  PVE.  For  example,  studies 
focused  on  in  utero  hormone  exposure  and  subsequent 
disease  risk  in  the  offspring  could  also  examine  cord 
blood  samples  for  the  measurement  of  hormones  or  other 
biomarkers  (38).  These  samples  would  be  insulated 
from  variations  in  dilution  present  in  the  maternal 
circulation  and  may  be  more  relevant  to  fetal  exposure 
than  conclusions  based  on  maternal  serum.  In  addition  to 
cord  blood,  saliva  or  urine  may  also  provide  a  source  for 
hormone  measurements  that  may  be  less  influenced 
by  PVE.  Future  studies  with  samples  to  measure  the 
correlation  of  maternal  serum  hormone  concentrations  to 
concentrations  in  cord  blood,  urine  and  saliva  would  be 
helpful  to  determine  if  the  magnitude  increase  in 
hormone  concentrations  seen  in  serum  is  reflected  in 
the  alternative  method.  It  would  also  be  necessary  to 
evaluate  whether  the  alternative  method  may  also  be 
influenced  by  PVE.  Another  approach  would  be  to 
evaluate  changes  in  a  biomarker  over  the  course  of  a 
pregnancy,  perhaps  elucidating  different  patterns  in 
those  that  develop  a  pregnancy  condition  from  those 
who  remain  normal. 
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In  conclusion,  given  the  vast  individual  and  group 
differences  in  PVE,  its  implications  for  the  interpretation 
of  results  from  biomarkers  studies  should  be  considered. 
We  hope  this  commentary  begins  a  dialogue  about  the 
implications  of  PVE  and  its  evaluation  for  the  types  of 
studies  outlined  above.  Further  evaluation  of  PVE  is 
necessary  to  determine  its  potential  effect  on  the 
interpretation  of  observed  results  with  regard  to  etiology 
and  the  degree  to  which  it  needs  to  be  addressed  in  study 
design  and/or  analysis. 
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Abstract 

Markedly  lower  breast  cancer  incidence  rates  in 
Asians  than  Caucasians  are  not  explained  by  estab¬ 
lished  adult  risk  factors.  Migration  studies  suggest 
the  importance  of  early-life  exposures,  including 
perhaps  the  in  utero  period.  Concentrations  of  steroid 
hormones  and  insulin-like  growth  factors  (IGF)  were 
measured  in  umbilical  cord  sera  from  pregnancies  in 
Shanghai,  China  («  =  121)  and  Boston,  MA  (n  =  111). 
Pregnancy  characteristics  were  ascertained  by  inter¬ 
view  and  medical  records.  Means  and  percent  differ¬ 
ences  in  hormone  concentrations  comparing  Chinese 
with  Caucasians  and  95%  confidence  intervals  were 
estimated  from  linear  regression  models.  Cord  con¬ 
centrations  of  androstenedione  (91.9%),  testosterone 
(257%),  estriol  (48.6%),  and  IGF  binding  protein-3 
(21.1%)  were  significantly  higher  in  the  Chinese  than 
U.S.  samples,  and  cord  prolactin  was  lower  (—14.9%). 
Cord  estradiol  and  IGF-I  concentrations  did  not  differ 
by  race/ethnicity.  With  adjustment  for  gestational 


Introduction 

The  most  pronounced  variation  in  breast  cancer  rates  is 
observed  internationally.  Incidence  in  East  and  Southeast 
Asia  is  nearly  one-fifth  of  that  in  northern  and  western 
Europe  (1),  but  rates  gradually  increase  among  Asian 
migrants  to  western  countries  (2).  Breast  cancer  incidence 
rates  in  the  first  generation  born  in  the  west,  however, 
may  be  substantially  elevated  when  compared  with 
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length,  maternal  age,  pre-pregnancy  weight,  and 
weight  gain,  androstenedione  (60.5%),  testosterone 
(185%),  and  IGF  binding  protein-3  (40.4%)  remained 
significantly  higher  in  the  Chinese,  whereas  the 
higher  estriol  and  lower  prolactin  concentrations 
were  attenuated.  In  addition,  estradiol  levels  became 
lower  in  the  Chinese  (—29.8%)  but  did  not  reach 
statistical  significance.  Results  were  generally  similar 
when  restricted  to  first  full-term  pregnancies,  with 
reduced  estradiol  concentrations  in  the  Chinese 
reaching  statistical  significance  after  adjustment. 
These  data  are  consistent  with  the  hypothesis  that 
elevated  prenatal  androgen  exposure  could  mediate 
reductions  in  breast  cancer  risk.  The  meaning  of  the 
change  in  findings  for  estrogens  after  controlling  for 
factors  related  to  the  pregnancy  is  unclear  with 
regard  to  explaining  international  breast  cancer 
differences.  (Cancer  Epidemiol  Biomarkers  Prev 
2008;17(1):224  31) 


migrants  who  were  born  in  Asia  but  lived  decades  in 
the  west  (2).  Furthermore,  differences  in  incidence  rates 
by  migration  status  are  not  fully  explained  by  established 
menstrual  and  reproductive  risk  factors  for  breast  cancer 
(3,  4).  These  observations  are  consistent  with  environ¬ 
mental  factors  early  in  life  explaining  at  least  some  of  the 
variation  in  breast  cancer  rates  across  populations  (5-7), 
and  with  mother's  environment  during  pregnancy 
influencing  the  in  utero  environment. 

Whereas  the  full  range  of  hormones  involved  in  breast 
carcinogenesis  is  unclear,  evidence  indicates  the  impor¬ 
tance  of  estrogens,  androgens,  and  progesterone  (8),  all  of 
which  rise  significantly  during  pregnancy.  Trichopoulos 
(9)  hypothesized  that  exposure  to  lower  in  utero  estrogen 
concentrations  affords  protection  against  subsequent 
breast  carcinogenesis.  In  the  nonpregnant  state,  circulat¬ 
ing  estrogen  concentrations  are  generally  lower  in 
premenopausal  and  postmenopausal  Asian  women 
compared  with  Caucasian  women  (10,  11).  Although 
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androgens  also  have  been  generally  lower  in  Asian 
women  (10),  a  recent  study  showed  an  inverse  correla¬ 
tion  with  increasing  westernization  in  Asian  migrants 
to  the  West  (12).  An  investigation  of  maternal  mid¬ 
pregnancy  serum  hormone  concentrations,  however, 
showed  higher  estradiol  and  estriol  levels  in  Chinese 
women  compared  with  American  women  (13)  as  well 
as  elevations  in  several  other  compounds,  including 
prolactin,  progesterone,  human  growth  hormone, 
albumin,  sex  hormone-binding  globulin,  and  possibly 
a-fetoprotein  levels  (14).  However,  maternal  hormone 
concentrations  may  or  may  not  be  representative  of  fetal 
exposure,  and  investigating  hormone  differences  in  the 
fetal  circulation  is  warranted. 

These  are  the  first  reported  data  on  neonates  born  in 
China  and  in  the  United  States  to  address  whether  cord 
concentrations  of  several  estrogens  and  androgens, 
insulin-like  growth  factor  (IGF)-I,  and  IGF  binding 
protein  (IGFBP)-3  differ  between  countries  with  low 
and  high  breast  cancer  incidence  rates. 

Materials  and  Methods 

The  study  has  been  described  previously  (13).  Pregnant 
women  were  recruited  at  their  first  prenatal  visit  to 
collaborating  maternity  clinics  at  the  Beth  Israel  Hospital 
(Boston,  MA)  and  from  hospitals  affiliated  with  the 
Shanghai  Medical  University  (Shanghai,  China).  All  U.S. 
women  were  urban  residents,  whereas  women  from 
Shanghai  were  recruited  from  three  urban  clinics  and  one 
rural  clinic.  The  institutional  review  boards  in  Boston 
and  Shanghai  approved  the  study,  and  informed  consent 
was  obtained  from  all  study  participants. 

Included  were  neonates  of  women  less  than  40  years 
old,  with  at  most  one  previous  still  or  live-born  child. 
Only  Caucasians  in  the  United  States  and  Chinese  in 
Shanghai  were  included,  and  in  both  places,  the  mothers 
had  to  be  proficient  in  the  local  language.  Neonates  born 
to  women  who  had  taken  any  hormonal  medication 
during  the  index  pregnancy  or  who  had  a  previous 
diagnosis  of  diabetes  mellitus  or  thyroid  disease  were 
excluded  from  the  study,  as  were  those  neonates  with  a 
known  major  anomaly. 

Between  March  1994  and  October  1995,  402  eligible 
women  were  identified  at  Beth  Israel  Hospital.  Of  these 
women,  77  (19.2%)  declined  to  participate.  An  additional 
9  (2.2%)  women  were  excluded  at  a  later  date  because  of 
early  spontaneous  or  induced  pregnancy  termination, 
2  (0.5%)  because  of  a  twin  birth,  and  10  (2.5%)  were  lost 
to  follow-up  after  the  initial  meeting.  In  Shanghai,  424 
eligible  women  were  identified  between  April  1994  and 
May  1995.  Of  these,  73  (17.2%)  declined  to  participate, 
2  (0.5%)  were  later  excluded  because  of  induced  abortion, 
2  (0.5%)  because  of  a  twin  birth,  5  (1.2%)  because  of 
implied  gestation  durations  of  <30  or  >50  weeks,  and 
7  (1.7%)  were  lost  to  follow-up  after  the  initial  meeting. 
In  total,  304  and  335  pregnant  women  were  enrolled  in 
the  study  from  Boston  and  Shanghai,  respectively. 

Umbilical  cord  blood  collection  started  in  December 
1994.  At  delivery,  the  placenta  was  weighed,  with  the 
cord  cut  at  the  insertion  site  and  the  extra  blood  and  clots 
minimized.  Mixed  cord  blood  was  collected  in  sterile 
tubes  without  preservatives  and  refrigerated  at  4°C  for 
up  to  24  hours  until  centrifugation.  Samples  were 


transported  in  a  cooler  from  the  rural  clinic  in  China  to 
a  laboratory  near  Shanghai  Medical  University  where 
they  were  centrifuged  on  the  same  day  and  the  serum 
was  aliquoted.  The  aliquots  were  stored  at  —  20  °C  for 
about  5  to  7  days  in  the  laboratory  before  being 
transported  to  Shanghai  Medical  University  and  stored 
at  —  80°C  with  the  samples  collected  at  the  Shanghai 
hospitals.  At  the  end  of  the  study,  all  samples  were 
shipped  by  air  on  dry  ice  to  Boston  where  they  were 
stored  at  —  80°C.  In  total,  246  (115  from  Boston  and  131 
from  Shanghai)  cord  blood  samples  were  collected. 

Analytes  were  measured  in  cord  serum  at  the  Repro¬ 
ductive  Endocrine  Research  Laboratory  of  the  University 
of  Southern  California  Keck  School  of  Medicine  under  the 
direct  supervision  of  one  of  us  (F.Z.S.).  Levels  of  estradiol, 
testosterone,  and  androstenedione  were  measured  by  RIA 
following  extraction  with  organic  solvent  and  purification 
by  Celite  column  partition  chromatography  (15-17). 
Estriol  was  measured  by  RIA  after  a  dual  organic  solvent 
extraction  procedure  (18).  Prolactin,  IGF-I,  and  IGFBP-3 
were  quantified  by  direct  chemiluminescent  immunoas¬ 
say  using  the  Immulite  analyzer  (Siemens  Medical 
Solutions  Diagnostics,  Los  Angeles,  CA). 

Because  some  of  the  samples  showed  signs  of 
hemolysis  (34%),  measurements  were  prioritized  with 
the  direct  assays  (that  is,  prolactin,  IGF-I,  and  IGFBP-3) 
done  in  samples  with  the  least  hemolysis.  After  this 
prioritization,  when  volume  was  insufficient  to  accom¬ 
modate  assays  for  all  of  the  hormones,  samples  were 
randomly  assigned  based  on  groupings  that  optimized 
the  number  of  assays  that  could  be  done.  Blinded  aliquots 
of  pooled  cord  sera  were  included  with  the  study  samples 
and  the  laboratory  technicians  were  blinded  to  country  of 
origin.  The  coefficients  of  variation  for  the  blinded 
replicates  were  8.5%  for  androstenedione,  9.4%  for 
testosterone,  10.5%  for  estradiol,  11.6%  for  estriol,  8.2% 
for  prolactin,  3.2%  for  IGF-I,  and  5.0%  for  IGFBP-3. 

Information  on  maternal,  gestational,  and  perinatal 
characteristics  was  obtained  from  the  medical  record  and 
pediatric  chart  and  from  an  interview  with  the  mother. 
Gestational  age  was  defined  as  the  time  since  the  first 
day  of  the  last  menstrual  period. 

Hormone  values  that  were  more  than  three  interquar¬ 
tile  ranges  above  the  mean  were  excluded  as  outliers.  The 
nonparametric  Wilcoxon  rank-sum  test  was  applied  in 
univariate  comparisons  of  the  maternal,  gestational,  and 
perinatal  factors  between  the  two  study  sites  (19).  Linear 
regression  models  with  logarithm-transformed  hormones 
as  the  dependent  variable  and  an  indicator  variable 
representing  the  comparison  of  Chinese  versus  Caucasian 
(and  urban  versus  rural  Chinese)  were  used  to  generate 
means  for  and  percent  differences  in  hormone  concen¬ 
trations.  Percent  difference  was  calculated  as  (exp^  —  1)  x 
100,  where  /?  pertains  to  the  ethnic/racial  comparison,  and 
95%  confidence  intervals  (95%  Cl)  were  calculated 
as  exp(/!  -  1  ±  196[SE(/?)F  x  i00.  Means  are  geometric  (expo¬ 
nentiated  from  the  logarithmic  scale).  Statistical  signifi¬ 
cance  was  defined  as  P  <  0.05  (two-sided  test). 

Results 

The  mothers  of  Chinese  neonates  were  substantially 
different  from  the  U.S.  mothers  on  a  large  number 
of  characteristics.  Chinese  mothers  were  significantly 
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Table  1.  Maternal,  gestational,  and  perinatal  characteristics  among  Caucasian  women  (Boston,  MA)  and  Chinese 
women  (Shanghai,  China) 


United  States 


China 


P 


n 

Mean  (range)  or  % 

n 

Mean  (range)  or  % 

Maternal  characteristics 

Age(y) 

in 

31.2  (19  39) 

121 

24.9  (20  37) 

<0.0001 

Weight  before  pregnancy  (kg) 

109 

60.3  (43  95) 

120 

51.2  (38  72) 

<0.0001 

Height  (cm) 

111 

164  (150  183) 

121 

160  (149  174) 

<0.0001 

BMI  (kg/m2) 

109 

22.4  (18  36) 

120 

20.0  (14  26) 

<0.0001 

Multiparous 

48 

43.2 

3 

2.5 

<0.0001 

Primiparous 

63 

56.8 

118 

97.5 

Gestational  characteristics 

Gestational  length  (wk) 

106 

40.1  (37  44) 

119 

39.8  (34  46) 

0.31 

Weight  gained  at  week  27  (kg) 

106 

11.5  (3.2  25) 

118 

9.0  (  3.0  to  22) 

<0.0001 

Nausea  and/or  vomiting  during  pregnancy 

87 

78.4 

77 

63.6 

0.02 

Neither  nausea  or  vomiting  during  pregnancy 

24 

21.6 

42 

34.7 

Perinatal  characteristics 

Birth  weight  (g) 

111 

3,552  (2,625  4,970) 

121 

3,463  (1,900  4,800) 

0.18 

Birth  length  (cm) 

111 

50.6  (44  56) 

121 

49.8  (33  56) 

0.10 

Head  circumference  (cm) 

109 

34.8  (32  38) 

119 

34.7  (30  51) 

0.11 

Placenta  weight  (g) 

105 

586  (340  1,020) 

116 

633  (360  1,000) 

0.005 

Female 

58 

52.3 

51 

42.2 

0.12 

Male 

53 

47.7 

70 

57.8 

NOTE:  Mean  (range)  for  continuous  variables;  %  for  categorical  variables. 


younger  than  the  U.S.  mothers  and,  on  average,  were 
shorter,  weighed  less  before  pregnancy,  had  a  lower  body 
mass  index  (BMI),  and  gained  less  weight  by  the  end  of 
the  second  trimester  (Table  1).  Chinese  mothers  were 
significantly  more  likely  to  be  primiparous  and  to  have 
had  a  C-section  (43.3%  versus  26.1%,  respectively; 
P  =  0.009)  compared  with  U.S.  mothers  and  less  likely 
to  have  completed  high  school  (7.4%  versus  97.3%; 
P  <  0.0001).  In  addition,  during  the  pregnancy,  Chinese 
mothers  were  less  likely  to  experience  nausea  and/or 
vomiting  (63.6%  versus  78.4%;  P  =  0.02),  to  have  drunk 
coffee  (2.5%  versus  62.2%;  P  <  0.0001)  or  tea  (12.4% 
versus  55.9%;  P  =  0.0001),  or  to  have  taken  antibiotics 
(3.3%  versus  22.5%;  P  <  0.0001).  Alcohol  consumption 


during  pregnancy  was  rare  among  Chinese  and  U.S. 
mothers  (0.8%  versus  3.6%,  respectively;  P difference  =  0.20). 
There  were  no  statistically  significant  differences  in 
gender  or  birth  size,  including  weight,  length,  and  head 
circumference  by  race/ethnicity,  but  placental  weight 
was  significantly  higher  in  the  Chinese  pregnancies. 
None  of  the  111  U.S.  infants  had  a  birth  weight  less  than 
2,500  g  or  a  gestational  length  less  than  37  weeks,  and 
only  3  and  6,  respectively,  of  the  121  Chinese  infants  were 
in  these  categories.  There  were  no  statistically  significant 
differences  between  the  Chinese  and  the  U.S.  infants, 
comparing  the  proportions  in  the  lowest  quartiles  for 
anthropometric  measurements  (based  on  the  distribution 
in  the  entire  study  group).  The  proportion  of  Chinese 


Table  2.  Distributions  of 
(Shanghai,  China) 

cord  serum 

hormone 

concentrations  in 

U.S.  Caucasians  (Boston, 

MA)  and 

Chinese 

Hormone 

n 

Mean 

5% 

25% 

Median 

75% 

95% 

Estradiol  (nmol/L) 

U.S. 

87 

34.4 

11.7 

18.7 

28.1 

42.3 

80.2 

Chinese 

110 

44.9 

3.6 

15.9 

36.6 

57.7 

125.2 

Estriol  (nmol/L) 

U.S. 

96 

541 

195 

354 

460 

664 

1,135 

Chinese 

120 

829 

304 

566 

814 

1,022 

1,554 

Androstenedione  (nmol/L) 

U.S. 

88 

18.2 

7.9 

12.7 

16.5 

21.4 

34.3 

Chinese 

114 

43.4 

10.9 

18.4 

28.0 

54.9 

141 

Testosterone  (nmol/L) 

U.S. 

88 

1.1 

0.47 

0.70 

0.92 

1.2 

2.5 

Chinese 

115 

5.5 

0.63 

1.5 

3.8 

7.9 

17.3 

Prolactin  (pg/L) 

U.S. 

81 

334 

145 

249 

312 

436 

553 

Chinese 

47 

293 

124 

200 

283 

400 

487 

IGF  I  (nmol/L) 

U.S. 

51 

10.0 

4.1 

6.0 

10.6 

13.2 

16.2 

Chinese 

22 

11.8 

4.4 

7.0 

11.3 

15.4 

19.2 

IGFBP  3  (nmol/L) 

U.S. 

52 

32.0 

22.3 

26.9 

31.6 

36.3 

43.7 

Chinese 

21 

42.7 

21.8 

27.8 

30.5 

51.5 

89.1 
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Table  3.  Unadjusted  means  for  and  percent  differences  (95%  Cl)  in  cord  hormone  concentrations  between  U.S. 
Caucasians  (Boston,  MA)  and  Chinese  (Shanghai,  China) 

Hormone 

U.S., 
n  (mean) 

Chinese,  n  (mean) 

Chinese  vs  U.S., 

%  difference  (95%  Cl) 

Chinese  rural  vs  urban, 
%  difference  (95%  Cl) 

Total 

Urban 

Rural 

Estradiol  (nmol/L) 

87  (28.5) 

110  (29.1) 

50  (28.7) 

60  (29.4) 

2.0  (-21.3,  32.3) 

2.3  (-32.5,  55.0) 

Estriol  (nmol/L) 

96  (477) 

120  (709) 

54  (663) 

66  (749) 

48.6  (23.6,  78.6) 

13.0  (-15.3,  50.6) 

Androstenedione  (nmol/L) 

88  (16.7) 

114  (32.0) 

48  (29.6) 

66  (33.8) 

91.9  (61.1,  128) 

14.3  (-13.5,  50.9) 

Testosterone  (nmol/L) 

88  (0.96) 

115  (3.4) 

51  (2.6) 

64  (4.4) 

257  (184,  349) 

70.7  (19.4,  144) 

Prolactin  (ng/L) 

81  (311) 

47  (265) 

14  (244) 

33  (274) 

-14.9  (-27.0,  -0.92) 

12.4  (-16.3,  50.8) 

IGF  I  (nmol/L) 

51  (9.1) 

22  (10.5) 

8  (14.2) 

14  (8.8) 

14.7  (-9.6,  45.4) 

-37.8  (-58.3,  -7.2) 

IGFBP  3  (nmol/L) 

52  (31.2) 

21  (37.8) 

8  (50.2) 

13  (31.8) 

21.1  (3.5,  41.8) 

-36.6  (-56.5,  -7.6) 

NOTE:  From  linear  regression  models  with  logarithm-transformed  hormones  as  the  dependent  variable  and  Chinese  versus  U.S.  sample  (or  rural 
versus  urban)  as  an  indicator  variable.  Percent  difference  is  calculated  as  (exp^  —  1)  x  100,  where  fi  pertains  to  ethnic/racial  comparison.  Geometric  means 
are  presented. 


infants  in  the  lowest  quartile  of  birth  weight  was  28.1% 
versus  21.6%  for  U.S.  infants  (P  =  0.29  for  difference  in 
proportions),  of  head  circumference  was  15.1%  versus 
22.9%  (P  =  0.18),  and  of  birth  length  was  22.3%  versus 
30.6%  (P  =  0.17),  respectively. 

The  distributions  of  the  hormones  are  presented  in 
Table  2.  Cord  serum  estriol,  androstenedione,  testoste¬ 
rone,  and  IGFBP-3  concentrations  were  significantly 
higher  in  the  Chinese  than  in  the  U.S.  samples  (Table  3), 
whereas  prolactin  levels  were  significantly  lower.  There 
was  no  appreciable  difference  in  estradiol  concentrations 
by  race/ethnicity,  and  higher  IGF-I  levels  in  the  Chinese 
were  not  statistically  significantly  different  from  U.S. 
values.  Repeating  the  hormone  comparisons  between 
the  U.S.  and  the  Chinese  samples  using  Wilcoxon  rank- 
sum  tests,  the  results  were  similar,  except  for  IGFBP-3, 
which  did  not  show  a  statistically  significant  difference. 
The  patterns  of  results  for  percent  differences  in  cord 
estrogen  and  androgen  concentrations  between  rural  and 
urban  Chinese  were  in  the  same  direction  but  of  lesser 
magnitude  than  those  between  the  U.S.  and  all  Chinese 
samples  combined.  However,  only  the  percent  difference 
in  testosterone  was  statistically  significant.  The  sample 
sizes,  especially  for  prolactin,  IGF-I,  and  IGFBP-3,  were 
small  and  the  95%  CIs  were  wide. 

To  determine  whether  differences  in  cord  hormones 
between  Chinese  and  U.S.  samples  were  independent 
of  the  other  hormones,  we  repeated  the  analyses  adding 
each  of  the  hormones  individually  to  the  models.  With 
adjustment  for  androgen  concentrations,  the  higher 
estriol  and  IGFBP-3  levels  observed  in  the  Chinese  were 
attenuated.  For  example,  with  androstenedione  in  the 
model,  the  percent  difference  in  estriol  decreased  from 
~  49%  higher  in  the  Chinese  to  only  2.2%,  and  adjusting 
IGFBP-3  for  androstenedione  decreased  the  percent 
difference  from  21%  to  —0%.  In  contrast,  the  higher 
androgen  levels  in  the  Chinese  compared  with  Cauca¬ 
sians  were  not  affected  by  adjustment  for  either  of  the 
estrogens  or  IGFBP-3.  Estradiol  levels  did  not  differ 
between  Chinese  and  Caucasians  regardless  of  whether 
they  were  unadjusted  or  adjusted  for  the  other  hormones 
(data  not  shown). 

With  adjustment  for  gestational  length,  maternal  age, 
pre-pregnancy  BMI,  and  pregnancy  weight  gain  through 
the  second  trimester,  the  androgens  and  IGFBP-3 
remained  elevated  in  the  Chinese,  but  the  differences  in 
estriol  and  prolactin  no  longer  remained  statistically 
significant  (Table  4).  Percent  differences  in  estriol. 


prolactin,  and  the  androgens  were  influenced  by  adjust¬ 
ment  for  maternal  age,  and  further  adjustment  for  weight 
gain  also  affected  percent  differences  in  estriol,  prolactin, 
and  IGFBP-3  (data  not  shown).  Estradiol  concentrations, 
which  did  not  differ  by  race /ethnicity  in  the  unadjusted 
comparisons,  became  lower  in  the  Chinese  with  adjust¬ 
ment  (mainly  from  maternal  age),  although  the  racial/ 
ethnic  difference  did  not  reach  statistical  significance. 
IGF-I  levels  did  not  differ  by  race /ethnicity  in  either 
unadjusted  or  adjusted  comparisons.  Additional  adjust¬ 
ment  for  maternal  height  did  not  change  the  estimates 
(data  not  shown).  Adjustment  for  maternal  age  was 
difficult  because  the  Chinese  women  were  quite  young 
and  the  U.S.  women  were  considerably  older  with  the 
only  appreciable  overlap  between  24  and  35  years  old. 


Table  4.  Adjusted  means  for  and  percent  differences 
(95%  Cl)  in  cord  serum  hormone  concentrations 
between  U.S.  Caucasians  (Boston,  MA)  and  Chinese 
(Shanghai,  China) 


Hormone 

n  (Mean) 

%  difference’1' 

Estradiol  (nmol/L) 

U.S. 

79  (34.7) 

-29.8  (-52.3,  3.5) 

Chinese 

105  (24.4) 

Estriol  (nmol/L) 

U.S. 

87  (510) 

27.7  (-3.1,  68.3) 

Chinese 

115  (651) 

Androstenedione  (nmol/L) 

U.S. 

80  (18.3) 

60.5  (23.5,  109) 

Chinese 

109  (29.4) 

Testosterone  (nmol/L) 

U.S. 

80  (1.1) 

185  (101,  304) 

Chinese 

110  (3.2) 

Prolactin  (|rg/L) 

U.S. 

73  (301) 

-10.1  (-30.6,  16.3) 

Chinese 

47  (270) 

IGF  I  (nmol/L) 

U.S. 

45  (9.0) 

11.7  (-23.6,  63.2) 

Chinese 

22  (10.0) 

IGFBP  3  (nmol/L) 

U.S. 

46  (29.4) 

40.4  (7.8,  82.9) 

Chinese 

21  (41.3) 

NOTE:  From  linear  regression  models  with  logarithm-transformed 
hormones  as  the  dependent  variable  and  Chinese  versus  U.S.  samples 
as  an  indicator  variable.  Percent  difference  is  calculated  as  (exp^  —  1)  x 
100,  where  /i  pertains  to  ethnic/racial  comparison.  Geometric  means  are 
presented. 

*Model  includes  gestational  length,  maternal  age,  pre-pregnancy  BMI, 
and  weight  gain  as  independent  variables. 
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Repeating  the  analyses  in  this  age  range  (24-35  years)  and 
controlling  for  age  as  a  continuous  variable,  the  results 
were  similar  to  those  observed  in  the  overall  group 
(data  not  shown).  Additional  adjustment  for  placental 
weight  did  not  change  the  results,  although  the  higher 
estriol  concentrations  among  Chinese  neonates  increased 
from  -28%  to  38%  (95%  Cl,  2.5%,  85%).  Furthermore, 
adding  offspring  gender  to  the  adjusted  models  did  not 
change  the  percent  differences  in  the  overall  analysis 
(estradiol,  —31.8%  with  offspring  gender  versus  —29.8% 
without  offspring  gender;  estriol,  24.4%  versus  27.7%; 
androstenedione,  53.8%  versus  60.5%;  testosterone,  166% 
versus  185%;  prolactin,  —10.7%  versus  —10.1%;  IGF-I, 
14.3%  versus  11.7%;  IGFBP-3,  41.7%  versus  40.4%). 

Nearly  all  of  the  Chinese  women  were  primiparous; 
therefore,  we  restricted  analyses  to  neonates  born  to 
women  with  no  previous  live  or  still  births.  The  pattern 
of  unadjusted  and  adjusted  results  was  generally  similar 
to  the  overall  differences  with  significantly  elevated 
estriol,  androstenedione,  testosterone,  and  IGFBP-3  con¬ 
centrations  in  the  Chinese.  For  example,  the  unadjusted 
and  adjusted  (for  maternal  age,  pre-pregnancy  weight, 
and  weight  gain)  percent  differences  in  estriol  in  all 
women  were  48.6%  and  27.7%  versus  47.5%  and  22.0%  in 
primiparous  women.  The  corresponding  values  were 
91.9%  and  60.5%  versus  78.5%  and  56.4%  for  androste¬ 
nedione  and  257%  and  185%  versus  225%  and  162%  for 
testosterone.  For  estradiol,  the  unadjusted  values  were 
similar,  whereas  the  adjusted  differences  became  some¬ 
what  greater  and  achieved  statistical  significance  [unad¬ 
justed  percent  difference,  —10.4%  (95%  Cl,  —35.4%, 
24.2%);  adjusted  percent  difference,  —45.2%  (95%  Cl, 
—65.2%,  —13.6%)].  As  the  results  for  hormones  by  race/ 
ethnicity  were  in  the  same  direction  and  remained 
statistically  significant  regardless  of  parity,  we  included 
multiparous  women  in  the  overall  analysis  to  increase 
statistical  power.  When  stratified  by  offspring  gender, 
the  magnitude  of  the  percent  differences  was  generally 
greater  in  males  than  females,  but  these  comparisons 
were  limited  by  the  reduction  in  sample  sizes.  For 
example,  the  percent  differences  were  98.3%  (95%  Cl, 
53.7%,  156%)  for  androstenedione  and  276%  (95%  Cl, 
178%,  408%)  for  testosterone  in  the  male  infants  and 
74.5%  (95%  Cl,  38.8%,  120%)  and  213%  (95%  Cl,  123%, 
339%)  among  the  females,  respectively.  None  of  the 
interactions  of  the  associations  of  hormones  and  race/ 
ethnicity  by  offspring  gender  were  statistically  signifi¬ 
cant,  ranging  from  0.20  for  IGF-I  to  0.91  for  prolactin. 

Discussion 

The  data  presented  here  are  the  first  to  directly  address 
differences  in  fetal  hormone  concentrations  between 
pregnancies  occurring  in  geographic  regions  character¬ 
ized  by  relatively  low  (China)  and  high  (United  States) 
breast  cancer  incidence  rates.  The  elevated  cord  androgen 
concentrations  we  observed,  however,  are  consistent 
with  previous  studies  of  pregnancies  occurring  in  North 
America  showing  higher  dehydroepiandrosterone  sulfate 
(DHEAS)  concentrations  in  Chinese  Canadians  compared 
with  Caucasians  (20),  as  is  the  pattern  of  higher  cord 
estriol  concentrations  that  we  observed  in  the  Chinese 
(20).  In  contrast,  estradiol  concentrations  were  not 
elevated  in  the  Chinese  neonates  in  our  study.  In  a 


previous  study,  cord  estradiol  concentrations  were  higher 
in  Chinese  American  than  in  Caucasian  pregnancies  (21) 
with  or  without  adjustment  for  several  pregnancy  factors, 
although  the  study  was  small  and  consisted  of  women 
recruited  from  clients  of  a  cord  blood  registry,  suggesting 
relatively  high  acculturation.  We  found  no  difference  in 
IGF-I  by  race/ethnicity  in  our  data,  whereas  IGFBP-3 
levels  were  elevated  in  the  Chinese.  The  study  cited  above 
(21)  reported  no  differences  in  unadjusted  IGF  profiles, 
including  IGF-I  and  IGFBP-3  levels,  comparing  Chinese 
American  with  U.S.  pregnancies. 

Our  findings  for  differences  in  cord  estrogen  and 
prolactin  levels  between  Chinese  and  U.S.  neonates  were 
not  entirely  similar  to  hormone  differences  observed  in 
the  maternal  data  for  these  same  pregnancies.  Whereas 
androgen  and  IGF  concentrations  were  not  assessed  in 
the  study  of  serum  hormones  in  the  mothers  of  these 
infants  (13),  maternal  levels  of  estradiol  and  prolactin  as 
well  as  estriol  were  elevated  in  the  Chinese.  The  vast 
majority  (over  90%)  of  estradiol  and  estriol  enter  the 
maternal  compartment  from  the  placenta  (22).  Most 
studies  have  measured  hormones  and  other  biomarkers 
in  the  maternal  circulation  due  to  the  difficulty  in  directly 
sampling  the  in  utero  environment  and  based  on  the 
assumption  that  maternal  hormones  and  other  endocrine 
factors  reflect  those  in  the  fetal  circulation  because  of  the 
highly  integrated  maternal-placental-fetal  unit.  However, 
the  degree  of  correlation  between,  for  example,  estrogen 
and  androgen  concentrations  in  the  maternal  and  fetal 
circulations  is  modest  (23)  and  may  explain  the  differ¬ 
ences  in  the  direction  of  results  for  the  maternal  and  cord 
samples  in  the  present  data. 

We  are  not  aware  of  studies  that  have  measured  fetal 
androgen  concentrations  at  multiple  points  throughout 
the  pregnancy.  Whether  hormone  levels  in  the  fetal 
circulation  reflect  levels  in  breast  tissue  is  not  known  and 
is  an  issue  in  any  study  that  uses  such  proxies  for  fetal 
exposure.  In  epidemiologic  studies,  umbilical  cord 
sampling  is  only  feasible  after  delivery;  thus,  the  differ¬ 
ences  we  observed  between  groups  may  not  represent 
real  differences  earlier  in  pregnancy.  In  particular, 
androgen  concentrations  may  be  higher  after  vaginal 
deliveries  than  after  C-sections.  However,  the  proportion 
of  C-sections  was  actually  greater  in  the  Chinese  than 
U.S.  women  (41.3%  versus  26.1%)  and  thus  would  not 
explain  the  higher  androgen  concentrations  we  observed 
in  the  Chinese  cord  samples. 

We  observed  elevated  androgen  and  estriol  con¬ 
centrations  but  either  no  difference  (unadjusted)  or 
reductions  (adjusted)  in  estradiol  in  the  Chinese.  In 
uncomplicated  pregnancies,  nearly  comparable  amounts 
of  DHEAS  from  the  maternal  and  fetal  adrenal  glands  are 
enzymatically  converted  in  the  placenta  to  androstene¬ 
dione  and  testosterone,  which  are  then  aromatized  to 
estrone  and  estradiol,  respectively  (22).  The  conversion 
rate  of  androgens  to  estradiol  is  a  function  of  placental  size 
and  capacity  as  well  as  of  aromatase  enzyme  levels.  Estriol 
is  synthesized  by  the  placenta  from  16a-hydroxy-DHEAS, 
which  is  formed  in  the  fetal  liver  from  DHEAS.  Over  90% 
of  urinary  estriol  are  ultimately  derived  from  the  fetal 
adrenal  gland  (22).  As  pregnancy  estriol  is  derived  from 
androgen  substrate,  these  hormones  are  necessarily 
correlated  (r  =  0.39  for  androstenedione  and  estriol  and 
r  =  0.30  for  testosterone  and  estriol  in  the  present  study). 
Thus,  the  higher  estriol  concentrations  in  the  Chinese  that 
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we  observed  could  merely  be  due  to  higher  androgen 
concentrations,  which  were  also  noted  in  the  Chinese. 
When  androstenedione  was  added  to  the  regression 
model  for  estriol,  the  higher  estriol  concentrations  in  the 
Chinese  infants  were  markedly  attenuated,  whereas 
androstenedione  remained  significantly  higher  in  the 
Chinese.  This  suggests  that  the  elevated  estriol  levels  in 
the  Chinese  are  probably  due  to  their  greater  amounts  of 
estrogen  precursor  (that  is,  fetal  androgens).  The  attenu¬ 
ation  in  the  group  differences  for  estriol  with  androstene¬ 
dione  in  the  model  could  also  result  if  androstenedione 
was  measured  with  less  laboratory  error  than  estriol. 
However,  the  coefficients  of  variation  were  fairly  similar 
for  the  two  hormones. 

The  similar  or  reduced  estradiol  levels  in  the  presence 
of  elevated  testosterone  concentrations  are  more  difficult 
to  explain.  This  implies  less  aromatization  in  the  Chinese, 
but  it  does  not  appear  to  be  explained  by  placental  size  as 
average  placental  weight  was  higher  in  the  Chinese 
pregnancies.  Incomplete  aromatization  in  the  placental 
compartment  could  also  explain  the  higher  testosterone 
concentrations  in  the  Chinese.  Alternatively,  or  in  addi¬ 
tion  to  this  explanation,  the  higher  androgens  in  the 
Chinese  may  be  due  to  greater  concentrations  in  the  fetal 
compartment.  In  this  regard,  the  hormone  results  by 
offspring  gender  may  add  to  the  understanding  of  the 
biology  of  the  higher  androgen  levels  in  the  Chinese. 
Given  the  values  are  higher  in  the  Chinese  regardless  of 
gender  implies  that  placental  differences  (that  is,  in 
aromatization)  between  Chinese  and  U.S.  pregnancies 
may  be  responsible. 

Our  unadjusted  data  would  not  appear  to  support  the 
hypothesis  that  exposure  to  lower  estrogen  levels  in  ntero 
are  responsible  in  part  for  the  lower  breast  cancer  risk  in 
Chinese  women.  Other  prenatal  factors  related  to  breast 
cancer  risk  have  been  proposed  to  be  mediated  through 
differences  in  pregnancy  estrogen  exposure,  including 
high  birth  weight  (24)  and  dizygotic  twinning  (25-30)  as 
well  as  the  reduced  risk  observed  for  women  born  of 
preeclamptic  pregnancies  (31).  Birth  weight  has  been 
positively  associated  with  maternal  estrogens  in  several 
studies  (32-34).  However,  data  validating  the  associations 
of  preeclampsia  (34,  35)  and  birth  weight  (21,  36-38)  with 
estrogen  levels,  particularly  in  the  cord,  are  conflicting, 
and  data  for  dizygotic  twinning  are  lacking  (39). 

We  hypothesize  that  a  difference  in  fetal  androgen 
exposure  at  a  critical  period  during  pregnancy  may 
explain  the  lower  breast  cancer  rates  in  Asians  compared 
with  Caucasians.  Androgen  concentrations  in  the  cord 
circulation  of  the  Chinese  neonates  were  two  to  three 
times  greater  than  in  the  U.S.  neonates.  Elevated  fetal 
androgen  concentrations  have  been  proposed  as  mediat¬ 
ing  the  associations  of  prenatal  exposures  with  breast 
cancer  risk  (40)  possibly  through  reduction  of  the  initial 
breast  stem  cell  population.  Suppression  of  embryonic 
mammary  gland  development  by  androgens  in  males 
supports  this  hypothesis  (41).  In  the  mouse  model, 
destruction  of  mammary  gland  anlagen  (the  initial 
clustering  of  cells  destined  to  become  breast  tissue) 
by  testosterone  occurs  in  early  pregnancy,  and  this 
androgen  sensitivity  is  expressed  in  male  as  well  as 
female  mammary  glands  (42).  Female  fetuses  are  pro¬ 
tected  from  sterilization  through  rapid  placental  metab¬ 
olism  of  androgens  to  estrogens  (43).  Given  that  the 
prohibitive  effects  of  androgens  on  breast  anlagen 


formation  occur  in  female  as  well  as  male  mammary 
glands  and  the  empirical  evidence  that  women  undergo 
breast  development  whereas  men  generally  do  not,  we 
believe  rapid  androgen  metabolism  plays  a  protective 
role  in  allowing  female  breast  development  as  well  as  in 
preventing  virilization.  Androgen  variability  below  the 
level  of  sterilization,  however,  may  have  significant 
biological  consequences.  Thus,  it  is  possible  that  limited 
androgen  transfer  back  to  the  fetus  in  cases  in  which 
androgen  levels  are  high  could  influence  anlagen 
formation,  as  it  does  in  males.  Whether  the  magnitude 
of  the  difference  in  androgen  concentrations  between 
Chinese  and  U.S.  infants  that  we  observed  is  sufficient  to 
protect  the  breast  is  unknown.  Elevated  androgen 
concentrations  are  observed  for  other  prenatal  exposures 
that  are  associated  with  a  reduced  breast  cancer  risk,  such 
as  preeclampsia  (34,  35).  These  observations  would  be 
consistent  with  a  protective  effect  of  fetal  androgens  but 
the  data,  particularly  for  cord  concentrations,  are  sparse. 

Associations  of  the  hormones  studied  with  other 
maternal  and  pregnancy  factors  could  explain  the 
differences  observed  by  race/ethnicity.  In  particular, 
the  Chinese  mothers  tended  to  be  younger  and  physi¬ 
cally  smaller  with  lower  pre-pregnancy  weight,  height, 
and  BMI  and  less  pregnancy  weight  gain.  The  differences 
in  androgens  and  IGFBP-3  remained  with  adjustment  for 
these  factors,  and  those  for  estriol  and  prolactin  were 
attenuated.  In  contrast,  the  estradiol  concentrations 
became  lower  than  in  Caucasians  following  adjustment. 
The  similar  estradiol  concentrations  in  the  two  racial/ 
ethnic  groups  in  unadjusted  comparisons  were  largely 
due  to  younger  maternal  age  in  Chinese  women. 

We  presented  both  unadjusted  means  and  those 
adjusted  for  maternal  and  pregnancy  factors  shown 
previously  to  be  associated  with  cord  hormone  levels  and 
which  were  related  to  race /ethnicity  in  these  data.  We 
believe  the  unadjusted  results  address  whether  cord 
hormones  explain  the  international  difference  in  breast 
cancer  rates  in  offspring,  rate  differences  that  are 
unadjusted  for  maternal  characteristics.  For  example,  if 
estradiol  concentrations  are  similar  in  the  Chinese  and 
U.S.  mothers  because  the  Chinese  mothers  tend  to  be 
younger  and  smaller,  then  (assuming  our  population 
samples  are  representative  and  Chinese  women  are 
indeed  generally  younger  and  smaller)  estradiol  seems 
unlikely  to  explain  the  international  rate  differences.  The 
unadjusted  results  also  could  be  more  relevant  to  the 
actual  pregnancy  exposure  of  the  fetus.  In  subsequent 
analyses,  we  adjusted  for  maternal  factors,  including  age, 
pre-pregnancy  BMI  and  weight  gain,  and  length  of  the 
gestation. 

The  adjusted  results  more  appropriately  address 
whether  the  hormone  differences  we  observed  between 
Chinese  and  U.S.  infants  are  due  to  differences  in 
maternal  age  and  size.  Some  but  not  all  of  the  higher 
androgen  levels  in  the  Chinese  appear  to  be  due  to  their 
younger  maternal  age.  For  estriol  and  prolactin,  the 
higher  levels  in  the  Chinese  appear  to  be  due  to  their 
younger  maternal  age  and  to  less  pregnancy  weight  gain. 
The  lack  of  difference  in  the  crude  data  for  estradiol 
seems  to  be  driven  by  the  younger  maternal  age  of  the 
Chinese.  If  either  androgen  or  estrogen  levels  are 
causally  responsible  for  the  international  differences  in 
breast  cancer  risk,  it  would  seem  that  their  correlates 
(that  is,  maternal  age)  would  be  risk  factors  for  breast 
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cancer.  However,  until  now,  this  has  not  been  consis¬ 
tently  observed  (44).  Regardless  of  which  results  are 
used,  the  unadjusted  or  adjusted,  and  focusing  only  on 
fetal  exposure,  higher  androgens  and  IGFBP-3  are 
consistent  with  protective  effects  on  breast  cancer  risk, 
whereas  prolactin  is  consistent  with  adverse  effects. 

The  samples  of  women  from  China  and  the  United 
States  were  not  population  based,  and  as  such,  the  data 
may  not  be  representative  of  pregnancies  occurring 
in  each  country.  The  Chinese  women,  however,  were 
mainly  from  Shanghai  and  likely  had  a  more  western 
lifestyle  than  would  be  typical  in  China.  Thus,  any 
observed  hormone  differences  that  were  due  to  environ¬ 
mental  factors  may  be  underestimated.  In  fact,  the 
hormone  profile  for  the  urban  Chinese,  although  closer 
to  the  rural  Chinese,  was  between  that  of  the  Caucasians 
and  that  of  rural  Chinese.  Some  of  the  cord  sera  showed 
signs  of  hemolysis  and  could  not  be  used  for  the  direct 
assays  (that  is,  prolactin,  IGF-I,  and  IGFBP-3),  resulting  in 
smaller  sample  sizes  for  these  analytes  and  less  power  to 
detect  differences  by  race/ethnicity. 

In  conclusion,  we  found  higher  concentrations  of 
estriol,  androstenedione,  testosterone,  and  IGFBP-3  and 
lower  prolactin  in  cord  serum  from  Chinese  compared 
with  U.S.  neonates,  whereas  levels  of  estradiol  and  IGF-I 
were  not  different.  These  data  are  consistent  with  the 
hypothesis  that  elevated  prenatal  androgen  exposure 
may  be  protective  against  subsequent  breast  carcinogen¬ 
esis.  Whereas  the  focus  of  this  paper  is  on  breast  cancer, 
these  results  may  be  relevant  for  other  endocrine  cancers 
that  have  been  suggested  as  being  associated  with  fetal 
hormone  exposure,  including  testicular  and  prostate 
cancer.  Given  that  cultural  and  lifestyle  practices  are 
changing  in  parts  of  Asia,  studying  populations,  for 
example,  that  have  moved  from  rural  to  urban  areas  to 
address  whether  changes  in  lifestyle  factors  affect 
pregnancy-maternal  and  umbilical  cord-hormone  con¬ 
centrations  could  be  useful. 
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Abstract 

Introduction:  Several  studies  have  examined  the  effect  of  genetic  variants  in  genes  involved  in  the  estrogen 
metabolic  pathway  on  mammographic  density,  but  the  number  of  loci  studied  and  the  sample  sizes  evaluated 
have  been  small  and  pathways  have  not  been  evaluated  comprehensively.  In  this  study,  we  evaluate  the 
association  between  mammographic  density  and  genetic  variants  of  the  estrogen  metabolic  pathway. 

Methods:  A  total  of  239  SNPs  in  34  estrogen  metabolic  genes  were  studied  in  1,731  Swedish  women  who 
participated  in  a  breast  cancer  case  control  study,  of  which  891  were  cases  and  840  were  controls.  Film 
mammograms  of  the  medio  lateral  oblique  view  were  digitalized  and  the  software  Cumulus  was  used  for 
computer  assisted  semi  automated  thresholding  of  mammographic  density.  Generalized  linear  models  controlling 
for  possible  confounders  were  used  to  evaluate  the  effects  of  SNPs  on  mammographic  density.  Results  found  to 
be  nominally  significant  were  examined  in  two  independent  populations.  The  admixture  maximum  likelihood 
based  global  test  was  performed  to  evaluate  the  cumulative  effect  from  multiple  SNPs  within  the  whole  metabolic 
pathway  and  three  subpathways  for  androgen  synthesis,  androgen  to  estrogen  conversion  and  estrogen  removal. 
Results:  Genetic  variants  of  genes  involved  in  estrogen  metabolism  exhibited  no  appreciable  effect  on 
mammographic  density.  None  of  the  nominally  significant  findings  were  validated.  In  addition,  global  analyses  on 
the  overall  estrogen  metabolic  pathway  and  its  subpathways  did  not  yield  statistically  significant  results. 
Conclusions:  Overall,  there  is  no  conclusive  evidence  that  genetic  variants  in  genes  involved  in  the  estrogen 
metabolic  pathway  are  associated  with  mammographic  density  in  postmenopausal  women. 


Introduction 

Mammographic  breast  density  is  one  of  the  strongest 
risk  factors  for  breast  cancer.  Several  studies  have 
shown  that  women  with  extensive  dense  tissue  are  at 
two  to  six  times  higher  risk  of  developing  the  disease 
than  women  of  similar  age  with  lower  mammographic 
density  [1,2].  A  strong  genetic  basis  has  been  suggested 
for  mammographic  density  [3].  Twin  studies  have  esti¬ 
mated  the  heritability  of  this  trait  to  be  between  60  and 
67%  [4].  Evidence  for  a  genetic  influence  also  comes 
from  other  studies  on  family  history,  familial  aggregation 
and  segregation  analyses  [5,6]. 
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Mammographic  density  is  strongly  correlated  with 
hormone  exposure  profiles  of  women  [7].  Several  hor¬ 
monal  risk  factors  for  breast  cancer  have  been  found  to 
influence  mammographic  density  in  a  similar  fashion  to 
their  respective  associations  with  risk  for  the  disease  [8]. 
For  example,  a  strong  inverse  relationship  has  been 
observed  between  parity  on  mammographic  density  [9]. 
In  addition,  hormone  replacement  therapy  (HRT)  users 
and  women  who  have  a  late  first-born  child  or  late 
menopause  have  higher  breast  densities  on  average  [9]. 
In  view  of  evidence  suggesting  an  association  between 
mammographic  density  and  hormone-related  factors, 
and  the  fact  that  estrogen  is  a  strong  risk  factor  for 
postmenopausal  breast  cancer,  efforts  have  been  made 
to  identify  underlying  genetic  determinants  of 
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mammographic  density  within  pathways  related  to  ster¬ 
oid  hormone  biosynthesis  and  metabolism  [10-13].  Such 
endeavors  assume  mammographic  density  to  be  an 
intermediate  phenotype  for  breast  cancer.  Several  genes 
involved  in  hormone-related  pathways  -  such  as 
HSD3B1  [5,14],  COMT  [11,14]  and  ESR1  [15]  -  have 
been  suggested  to  be  associated  with  mammographic 
breast  density.  Findings  are  inconsistent,  however,  and 
only  few  candidate  genes  have  been  studied  at  a  time. 

We  recently  reported  the  results  of  a  study  evaluating  a 
total  of  239  SNPs  in  34  estrogen  metabolic  genes  in 
1,596  breast  cancer  cases  and  1,730  population  controls 
from  Sweden,  of  which  the  outcome  variable  was  breast 
cancer  (Low  et  al.,  manuscript  submitted).  No  significant 
SNP  association  was  evident  after  correction  for  multiple 
testing,  but  pathway-based  global  tests  revealed  signifi¬ 
cant  association  evidence  for  the  overall  estrogen 
metabolic  pathway  ( P  -  0.034)  and,  in  particular,  the 
androgen-to-estrogen  conversion  subpathway  (P  = 
0.007).  In  the  present  study,  we  comprehensively  examine 
genetic  variation  in  the  estrogen  metabolic  pathway  with 
mammographic  density.  The  number  of  SNPs  and  genes 
studied  provides  the  most  extensive  coverage  to  date 
with  respect  to  studying  mammographic  breast  density. 

Materials  and  methods 

Study  subjects 

The  subjects  included  in  the  current  study  are  drawn 
from  a  population-based  case-control  study  of  post¬ 
menopausal  breast  cancer  in  women  born  in  Sweden 
aged  50  to  74  years  at  the  time  of  enrollment,  which 
was  between  1  October  1993  and  31  March  1995.  Con¬ 
trols  were  randomly  selected  from  the  Swedish  Total 
Population  Register  and  were  frequency  matched  to  the 
expected  age  distribution  of  the  cases.  Details  on  data 
collection  and  subjects  have  been  described  previously 
[16].  The  final  study  group  with  both  mammographic 
density  and  genotype  data  included  891  breast  cancer 
cases  and  840  controls.  Although  all  women  were  post¬ 
menopausal  at  the  time  of  recruitment  to  the  parent 
study,  a  subset  of  the  women  (43/1,731)  was  premeno¬ 
pausal  in  reference  to  the  date  of  mammogram. 

Approval  of  the  study  was  given  by  the  ethical  review 
board  at  the  Karolinska  Institutet  (Stockholm,  Sweden) 
and  six  other  ethical  review  boards  in  the  respective 
regions  in  which  the  subjects  were  based,  and  informed 
consent  was  obtained  from  each  participant. 

Validation  of  SNPs  with  significant  associations  was 
performed  using  mammographic  density  data  from  two 
other  studies. 

Mammographic  density  data 

The  process  of  collecting  mammographic  density  data  in 
this  study  has  been  described  previously  [17].  Film 


mammograms  of  the  medio-lateral  oblique  view  were 
digitized  using  an  Array  2905HD  Laser  Film  Digitizer 
(Array  Corporation,  Tokyo,  Japan),  which  covers  a  range 
of  0  to  4.7  optical  density.  For  controls,  the  breast  side 
was  randomized.  For  cases,  the  side  contralateral  to  the 
tumor  was  used.  The  density  resolution  was  set  at  12- 
bit  spatial  resolution.  The  Cumulus  software  used  for 
the  computer-assisted  measurement  was  developed  at 
the  University  of  Toronto  [18],  For  each  image,  a 
trained  observer  (LE)  set  the  appropriate  gray-scale 
threshold  levels  defining  the  edge  of  the  breast  and  dis¬ 
tinguishing  dense  from  nondense  tissue.  The  software 
calculated  the  total  number  of  pixels  within  the  entire 
region  of  interest  and  within  the  region  identified  as 
dense.  These  values  were  used  to  calculate  the  percen¬ 
tage  of  the  breast  area  that  is  dense.  A  random  10%  of 
the  images  were  included  as  replicates  to  assess  the 
intra-observer  reliability,  which  was  high  with  a  Spear¬ 
man  rank  correlation  coefficient  of  0.95. 

Gene  and  SNP  selection 

The  process  of  gene  and  SNP  selection  has  been 
described  in  detail  by  Low  et  al.  (manuscript  submitted). 
A  total  of  1,007  SNPs  were  selected  from  35  genes  and 
their  30  kb  flanking  sequences  that  code  the  enzymes 
involved  in  estradiol  or  estrone  metabolism  and  are 
expressed  in  the  breast.  These  SNPs  were  genotyped  in 
92  Swedish  control  samples  to  assess  linkage  disequili¬ 
brium  patterns,  to  select  tagging  SNPs  (tagSNPs)  and  to 
evaluate  their  coverage. 

Flaplotypes  were  reconstructed  using  the  partition- 
ligation-expectation-maximization  algorithm  [19]  imple¬ 
mented  in  the  tagSNPs  program  [20].  A  subset  of 
tagSNPs  were  selected  based  on  the  R 2  coefficient, 
which  quantifies  how  well  the  tagSNP  haplotypes  pre¬ 
dict  the  genotype  or  the  number  of  copies  of  haplotypes 
an  individual  carries.  The  performance  of  tagSNPs  in 
capturing  unobserved  SNPs  within  the  genes  was  evalu¬ 
ated  using  a  SNP-dropping  analysis.  In  brief,  each  of  the 
genotyped  SNPs  was  dropped  in  turn  and  then  tagSNPs 
were  selected  from  the  remaining  SNPs  so  that  their 
haplotypes  predicted  the  remaining  SNPs  with  an  R2 
value  of  0.85.  In  total,  312  tagSNPs  from  the  35  genes 
were  selected  for  genotyping. 

Figure  1  delineates  the  processes  and  genes  involved 
in  the  androgen  synthesis,  androgen-to-estrogen  conver¬ 
sion  and  estrogen  removal  subpathways.  The  lists  of 
SNPs  corresponding  to  each  subpathway  are  summar¬ 
ized  in  Tables  SI  to  S3  in  Additional  file  1. 

DNA  extraction  and  genotyping 

DNA  was  extracted  from  4  ml  whole  blood  using 
the  QIAamp  DNA  Blood  Maxi  Kit  (Qiagen,  Hilden, 
Germany)  according  to  the  manufacturer’s  instructions 
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Figure  1  Subdivision  of  the  estrogen  metabolic  pathway.  The  34  metabolic  genes  analyzed  in  the  present  study  are  involved  in  different 
steps  of  the  estrogen  metabolism.  The  genes  are  divided  into  the  three  groups  involved  in  androgen  synthesis,  estrogen  synthesis  and  estrogen 
removal  for  subpathway  based  association  analysis. 
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and  nonmalignant  cells  in  paraffin-embedded  tissue 
using  a  standard  phenol/chloroform/isoamyl  alcohol 
protocol.  Genotyping  was  performed  using  the  primer 
extension-based  assay  from  Sequenom  (San  Diego,  CA, 
USA)  according  to  the  manufacturers’  instructions. 
DNA  samples  were  randomly  assigned  to  the  plates  car¬ 
rying  positive  and  negative  controls,  and  all  genotyping 
results  were  generated  and  checked  by  laboratory  staff 
unaware  of  the  case-control  status.  SNPs  with  a  call  rate 
<85%,  minor  allele  frequency  <1%  or  out  of  Hardy- 
Weinberg  equilibrium  (P  <  0.05/312)  were  excluded 
from  further  analysis.  The  genotype  concordance  was 
>99%,  suggesting  high  genotyping  accuracy.  Overall,  239 
tagSNPs  from  the  34  genes  were  successfully  genotyped 
and  used  in  statistical  analysis. 

Statistical  analysis 

Linear  regression  models  were  fitted,  treating  percentage 
density  as  an  outcome.  Models  were  adjusted  for  age, 
body  mass  index,  menopausal  status  and  HRT.  Age  was 


coded  as  0,  1  and  2  for  women  <50  years,  between  50 
and  60  years,  and  >60  years  of  age,  respectively.  The 
body  mass  index  was  treated  as  a  continuous  variable. 
Menopausal  status  was  determined  from  the  time  differ¬ 
ence  between  the  date  of  menopause  and  the  date  on 
which  the  mammogram  was  taken.  HRT  was  considered 
a  categorical  variable  made  up  of  three  groups:  never 
users,  past  users  and  current  users.  The  mammographic 
density  measurements  were  transformed  by  the  power 
of  0.3,  yielding  an  approximately  normal  distribution. 
The  genotypes  were  coded  0,  1  and  2  and  treated  as 
continuous  variables. 

A  likelihood  ratio  test  was  performed  for  each  SNP. 
Normal  quantile-quantile  plots  were  used  to  examine 
the  distributions  of  the  -log10-transformed  P  values.  To 
assess  whether  the  SNPs  associated  with  breast  cancer 
risk  are  the  same  SNPs  as  those  associated  with  mam¬ 
mographic  density,  we  used  the  Spearman’s  rank  corre¬ 
lation  test,  evaluating  the  relationship  between  odds 
ratios  corresponding  to  SNP  effects  on  breast  cancer 
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risk  and  the  regression  coefficients  of  SNP  effects  on 
percentage  density.  The  admixture  maximum  likelihood- 
based  global  test  [21]  was  performed  to  evaluate  the 
cumulative  effect  on  mammographic  density  from  multi¬ 
ple  SNPs  within  the  whole  metabolic  pathway  and  three 
subpathways  for  androgen  synthesis,  androgen-to-estro- 
gen  conversion  and  estrogen  removal.  Affection  status 
for  the  admixture  maximum  likelihood  analysis  was 
defined  by  taking  the  lowest  quantile  of  all  percentage 
density  measurements  as  controls  and  the  highest  quan¬ 
tile  as  cases.  P  values  of  the  admixture  maximum  likeli¬ 
hood  test  were  obtained  via  5,000  permutations. 
Software  R  (v2.8.0)  [22]  and  admixture  maximum  likeli¬ 
hood  [21]  were  used  for  data  management,  quality  con¬ 
trol  and  statistical  analyses. 

Validation  of  significantly  associated  SNPs 

SNP  associations  with  mammographic  density  were  vali¬ 
dated  in  1,590  women  genotyped  with  the  Illumina 
HumanHap500  as  part  of  the  Cancer  Genetic  Markers 
of  Susceptibility  Project  (CGEMS)  [23].  The  CGEMS 
project  is  a  National  Cancer  Institute  initiative  to  con¬ 
duct  genome-wide  association  studies  to  identify  genes 
involved  in  breast  cancer  and  prostate  cancer.  The  initial 
CGEMS  breast  cancer  scan  was  designed  and  funded  to 
study  the  main  effect  of  SNP  variants  on  breast  cancer 
risk  in  postmenopausal  women,  and  has  been  completed 
[24],  Briefly,  the  first  stage  of  the  project  involved  a 
whole  genome  scan  of  1,145  invasive  postmenopausal 
breast  cancer  cases  and  1,142  matched  controls  from 
the  Nurses’  Health  Study  nested  case-control  study  [24]. 
The  Nurses’  Health  Study  was  initiated  in  1976,  when 
121,700  US  registered  nurses  aged  30  to  55  returned  an 
initial  questionnaire  [25].  During  1989  and  1990,  blood 
samples  were  collected  from  32,826  women  [26].  For 
1,590  of  these  women  -  of  which  806  were  breast  cancer 
cases  and  784  were  healthy  controls  -  we  also  had  mam¬ 
mographic  density  measurements. 

We  collected  mammograms  as  close  as  possible  to  the 
date  of  blood  collection  (1989  to  1990).  To  assess  mam¬ 
mographic  density,  the  craniocaudal  (CC)  views  of  both 
breasts  were  digitized  at  261  pm/pixel  with  a  Lumysis 
85  laser  film  scanner,  which  covers  a  range  of  0  to  4.0 
optical  density.  The  software  for  computer-assisted 
thresholding  was  developed  at  the  University  of  Toronto 
[18].  We  used  the  average  percentage  density  of  both 
breasts  for  this  analysis.  This  collection  has  been 
described  in  detail  in  a  previous  publication  [27].  SNPs 
not  available  on  the  Illumina  HumanHap550  panel  were 
imputed  using  MACH  [28]  based  on  HapMap  Phase  II 
(release  21a).  For  the  analysis  of  imputed  data,  the  Pro- 
bABEL  package  from  the  ABEL  set  of  programs  was 
used  [29].  Percentage  density  was  transformed  by  the 
power  of  0.3  to  be  consistent  with  the  parent  study. 


This  study  was  approved  by  the  Committee  on  the  Use 
of  Human  Subjects  in  Research  at  Brigham  and 
Women’s  Hospital. 

The  second  validation  population  consisted  of  a  set  of 
controls  from  an  ongoing  breast  cancer  case-control 
study  at  the  Mayo  Clinic.  Briefly,  the  Mayo  Clinic  Breast 
Cancer  Study  is  an  Institutional  Review  Board-approved, 
clinic-based,  case-control  study  initiated  in  February 
2001  at  Mayo  Clinic,  Rochester,  MN,  USA.  The  study 
design  has  been  presented  previously  [30,31].  Clinic 
attendance  formed  the  sampling  frame  for  Mayo  Clinic 
cases  and  controls.  Consecutive  cases  were  women  aged 
18  years  or  over  with  histologically  confirmed  primary 
invasive  breast  carcinoma  and  recruited  within  6  months 
of  the  date  of  diagnosis.  Cases  lived  in  the  six-state 
region  that  defines  Mayo  Clinic’s  primary  service  popu¬ 
lation  (Minnesota,  Iowa,  Wisconsin,  Illinois,  North 
Dakota,  and  South  Dakota).  Controls  without  prior  his¬ 
tory  of  cancer  (other  than  nonmelanoma  skin  cancer) 
were  frequency  matched  on  age  (5-year  age  category), 
race  and  six-state  region  of  residence  to  cases.  Controls 
were  recruited  from  the  outpatient  practice  of  the  Divi¬ 
sions  of  General  Internal  Medicine  and  Primary  Care 
Internal  Medicine  at  Mayo  Clinic,  where  they  were  seen 
for  routine  medical  examinations. 

The  present  analysis  genotyped  Caucasian  controls 
(99%  of  study  participants)  enrolled  through  September 
2007,  who  had  mammograms  available,  representing  995 
total  controls  (76%  of  total  possible  controls),  of  which 
783  were  postmenopausal.  Screening  mammograms 
were  ascertained  close  to  the  enrollment  date  and  the 
left  CC  view  was  digitized  on  an  Array  2905HD  Laser 
Film  Digitizer,  which  covers  a  range  of  0  to  4.7  optical 
density.  Percentage  mammographic  density  was  esti¬ 
mated  by  an  expert  reader  [32]  on  the  left  CC  view, 
using  the  same  Cumulus  software  described  above  [33]. 
Genotyping  was  carried  out  using  TaqMan  (Applied 
Biosystems,  Foster  City,  CA)  according  to  the  manufac¬ 
turer’s  instructions,  using  10  to  20  ng  DNA.  Primers 
and  probes  were  Assay-by  Design  (Applied  Biosystems). 
Following  PCR  amplification,  end  reactions  are  read  on 
the  ABI  Prism  7900  ht  using  Sequence  Detection  Soft¬ 
ware  (Applied  Biosystems).  SNP  associations  were  exam¬ 
ined  only  in  the  783  postmenopausal  controls,  to  be 
comparable  with  the  two  other  populations.  The  percen¬ 
tage  density  was  transformed  by  the  power  of  0.3  to  be 
consistent  with  the  parent  study. 

Results 

Our  dataset  consisted  of  1,731  postmenopausal  women, 
of  which  981  were  breast  cancer  cases  and  840  were 
controls  (Table  1).  Cases  and  controls  differed  signifi¬ 
cantly  in  age  at  first  birth  ( P  =  0.0126),  parity  {P  < 
0.0001),  family  history  of  breast  cancer  (P  =  0.0002)  and 
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Table  1  Selected  characteristics  of  subjects 


Breast  cancer  cases  (n  =  891) 

Breast  cancer  controls  (n  =  840) 

Mean 

SD 

Mean 

SD 

P  value 

Age  (years) 

63.0 

6.3 

63.0 

6.3 

0.9045 

Height  (cm) 

164.1 

5.7 

163.6 

5.5 

0.0766 

Weight  (kg) 

68.9 

110 

68.8 

11.6 

0.8153 

Body  mass  index 

25.6 

3.9 

25.6 

4.1 

0.8420 

Age  at  menarche  (years) 

13.6 

1.4 

13.6 

1.5 

0.6090 

Age  at  first  birth  (years) 

254 

50 

24.8 

4.7 

0.0126 

Parity 

1.9 

1.2 

2.2 

1.3 

0.0000 

Age  at  menopause  (years) 

50.3 

3.6 

50.1 

3.9 

0.1223 

HRT  (%  ever  use) 

0.53 

0.50 

0.2523 

Family  history  (%) 

0.15 

0.09 

0.0002 

Percent  density 

16.7 

14.3 

14.6 

14.0 

0.0017 

Means  and  standard  deviations  (SD)  are  given  for  continuous  measures,  proportions  for  other  variables.  P  values  based  on  the  Welch  ffest  for  independent 
samples.  HRT,  hormone  replacement  therapy. 


percentage  density  (P  =  0.0017).  Cases  were  found  to 
have  higher  percentage  density  (mean  ±  standard  devia¬ 
tion:  16.7  ±  14.3)  than  controls  (14.6  ±  14.0).  No  signifi¬ 
cant  difference  was  found  for  age,  height,  weight,  body 
mass  index,  age  at  menarche,  age  at  menopause  or  HRT 
usage. 

Table  S4  in  Additional  file  2  shows  a  list  of  34  genes 
involved  in  the  estrogen  metabolic  pathway  and  the  cor¬ 
responding  number  of  SNPs  examined  for  each  gene. 
References  are  given  for  genes  that  have  been  examined 
in  other  studies  for  an  association  with  mammographic 
density.  Of  the  239  SNPs  analyzed,  11  SNPs  were  found 
to  be  significant  at  the  5%  level  (Table  2)  -  of  which  the 
smallest  P  value  was  0.0019.  Among  six  tagSNPs 
selected  for  the  gene  CYP11A1,  five  were  found  to  be 
significant  in  the  same  direction.  The  associations  in  the 
single  SNP  analysis  were  moderate  and  would  not  sur¬ 
vive  correction  for  multiple  SNP  testing.  In  addition,  the 
single-SNP  P  values  showed  no  clear  deviation  from  the 
null  distribution,  representing  no  association  between 
SNPs  and  percentage  density  (Figure  2;  see  also  Tables 


SI  to  S3  in  Additional  file  1).  None  of  the  SNPs  found 
to  be  nominally  significant  in  our  dataset  were  found  to 
be  significant  in  the  CGEMS  validation  set  (see  Table  S5 
in  Additional  file  3).  A  second,  independent  validation 
carried  out  on  the  most  significantly  associated  SNP 
(rsll638442)  located  within  the  CYP11A1  gene  in  783 
postmenopausal  women  with  mammograms  in  the 
Mayo  Clinic  Breast  Cancer  Study  yielded  a  P  value  of 
0.88  (regression  coefficient  =  -0.000507,  95%  confidence 
interval  =  -0.07251  to  0.06237). 

Since  the  estrogen  metabolic  SNPs  examined  have  pre¬ 
viously  been  associated  with  breast  cancer  risk,  we 
estimated  the  correlation  between  regression  coeffi¬ 
cients  of  SNP  effects  on  mammographic  density  and 
the  odds  ratios  of  SNP  effects  on  breast  cancer  risk,  in 
order  to  assess  whether  the  SNPs  act  through  mam¬ 
mographic  density  as  an  intermediate  phenotype  for 
breast  cancer.  No  significant  relationship  was  found 
between  SNP  effects  on  breast  cancer  risk  and  percen¬ 
tage  density  (Spearman’s  correlation  rho  =  0.0411,  P  = 
0.5268).  Pathway-based  multi-SNP  association  analyses 


Table  2  Significant  SNPs  in  the  estrogen  metabolic  pathway,  corresponding  regression  coefficients  and  P  values 


SNP 

Gene 

Minor  allele 

MAF 

n 

Coefficient 

SE 

P  value 

rsl  1638442 

CYP11A1 

C 

0.35 

1,677 

0.0557 

0.0212 

0.0088 

rs  16968478 

CYP11A1 

G 

0.17 

1,703 

0.0575 

0.0263 

0.0293 

rs2279357 

CYP11A1 

A 

0.20 

1,699 

0.0511 

0.0229 

0.0260 

rs2959003 

CYP11A1 

A 

0.28 

1,669 

0.0582 

0.0224 

0.0094 

rs2959008 

CYP11A1 

A 

0.30 

1,703 

0.0475 

0.0221 

0.0315 

rs2066485 

HSD17B3 

G 

0.14 

1,703 

0.0668 

0.0293 

0.0230 

rs7039978 

HSD17B3 

A 

0.50 

1,694 

0.0632 

0.0203 

0.0019 

rsl  469908 

NQOI 

C 

0.37 

1,695 

0.0472 

0.0206 

0.0223 

rsl  7268974 

STS 

A 

0.22 

1,605 

0.0503 

0.0238 

0.0349 

rs22701 1 2 

STS 

C 

0.34 

1,686 

0.0485 

0.0208 

0.0197 

rs707762 

STS 

A 

0.40 

1,687 

0.0435 

0.0205 

0.0340 

P  values  from  a  one  degree  of  freedom  likelihood  ratio  test.  MAF,  minor  allele  frequency;  SE,  standard  error. 
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Table  3  Global  genetic  association  tests  between  SNPs  in 
the  estrogen  metabolic  pathways  and  mammographic 
breast  density 


Pathway 

Number  of 
SNPs 

P 

heterogeneity 

P 

trend3 

Whole  pathway 

239 

0.840 

0.507 

Androgen  synthesis 

11 

0.761 

0.763 

Androgen  to  estrogen 
conversion 

120 

0.587 

0.715 

Estrogen  removal 

134 

0.834 

0.872 

aP  values  based  on  5,000  permutations. 


revealed  no  significant  association  between  percentage 
density  and  genetic  variations  in  the  overall  estrogen 
metabolic  pathway,  or  any  of  the  related  subpathways 
(Table  3). 

Discussion 

Our  study  suggests  there  is  no  appreciable  effect 
between  genetic  variants  involved  in  estrogen  metabo¬ 
lism  and  mammographic  density.  Neither  the  overall 
estrogen  metabolic  pathway  nor  the  androgen  synthesis, 
androgen-to-estrogen  conversion  and  estrogen  removal 
subpathways  were  found  to  be  significantly  associated 
with  mammographic  density.  Single  SNP  markers  with 
significant  associations  with  mammographic  density 
were  not  validated  in  two  independent  datasets. 

In  view  of  estrogen  exposure  being  a  major  risk  factor 
of  postmenopausal  breast  cancer,  and  mammographic 
density  being  associated  with  several  hormone-related 
factors  such  as  body  mass  index  (increased  local  estro¬ 
gen  conversion  due  to  increased  fatty  tissue),  HRT,  and 


menopausal  status,  the  estrogen  metabolic  pathway  has 
been  a  candidate  pathway  for  the  search  of  genetic  var¬ 
iants  related  to  mammographic  density.  Most  of  the  var¬ 
iants  in  the  candidate  breast  cancer  genes  evaluated  in 
previous  studies,  however,  have  been  concluded  to  be 
only  weak  predictors  of  mammographic  density  [10]. 
Association  findings  have  been  both  supported  and  con¬ 
tradicted  [3],  As  Boyd  and  colleagues  have  discussed 
[34],  it  is  likely  that  hormone-related  factors  are  respon¬ 
sible  for  only  a  small  proportion  of  the  wide  variation  in 
mammographic  density.  In  addition,  genetic  variants 
involved  in  the  estrogen  metabolic  pathway  are  generally 
investigated  based  on  the  premise  that  mammographic 
density  is  an  intermediate  and  heritable  risk  factor  of 
breast  cancer  [4],  There  is,  however,  accumulating  evi¬ 
dence  that  mammographic  density  may  predispose  to 
breast  cancer  risk  through  components  largely  indepen¬ 
dent  of  estrogen  metabolism  [35-37]. 

In  our  study,  no  correlation  was  found  between  the 
estimates  of  SNP  effects  on  breast  cancer  risk  and  mam¬ 
mographic  density,  suggesting  that  the  same  SNPs  asso¬ 
ciated  with  breast  cancer  risk  are  not  directly  correlated 
with  mammographic  density.  Tamimi  and  colleagues 
reported  that  mammographic  density  and  circulating  sex 
steroid  levels  were  independently  associated  with  breast 
cancer  risk  in  postmenopausal  women  [35].  In  addition, 
Kerlikowske  and  colleagues  found  no  correlation 
between  mammographic  density  and  bone  mineral  den¬ 
sity  [36],  both  of  which  have  been  suggested  to  be 
cumulative  markers  of  elevated  estrogen  exposure.  Dite 
and  colleagues  performed  a  similar  study  investigating 
the  overlap  between  genetic  determinants  of  mammo¬ 
graphic  density  and  bone  mineral  density,  and  reported 
a  null  finding  [37].  Another  finding  in  Kerlikowske  and 
colleagues’  study  was  that  although  mammographic  den¬ 
sity  remained  strongly  associated  with  elevated  breast 
cancer  risk  after  adjustment  for  hormone-related  factors, 
the  effects  of  bone  mineral  density  did  not  [36],  suggest¬ 
ing  that  estrogen  metabolism  plays  only  a  small  role  in 
the  effects  of  mammographic  density  on  breast  cancer 
risk. 

Many  studies  examining  the  effects  of  exogenous 
estrogen  exposure  are  in  agreement  with  the  view  that 
estrogen  has  limited  effects  on  mammographic  density. 
Very  often,  the  combined  estrogen  plus  progestin  regi¬ 
men  was  found  to  affect  mammographic  density  more 
than  the  estrogen-only  regimen  [38-41],  suggesting 
that  progestins  and  not  estrogens  are  responsible  for 
increased  mammographic  density.  Interestingly,  mam¬ 
mographic  density  is  also  known  to  have  no  prognostic 
bearing  on  the  estrogen  receptor  status  of  breast  can¬ 
cer  tumors  [42-44],  thus  corroborating  an  estrogen/ 
estrogen  receptor  independent  link.  Another  study 
conducted  by  Vachon  and  colleagues  found  no 
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influence  of  aromatase  inhibitors  (drugs  that  stop  the 
production  of  estrogen  in  postmenopausal  women)  on 
mammographic  density  [45],  further  supporting  this 
line  of  rationale. 

Strengths  of  the  present  study  include  the  large  sam¬ 
ple  size  and  extensive  coverage  of  SNPs  in  the  estrogen 
metabolic  pathway.  In  a  review  by  Kelemen  and  collea¬ 
gues,  the  authors  summarized  that  previous  genetic 
association  studies  exploring  the  relationship  between 
the  estrogen  metabolic  pathway  and  mammographic 
density  had  sample  sizes  ranging  from  between  232  and 
1,260  women  [3].  The  number  of  loci  involved  in  the 
estrogen  metabolic  pathway  investigated  in  these  studies 
was  also  limited  to  eight  or  less  [3],  while  we  examined 
239  tagSNPs  from  34  genes  involved  in  the  estrogen 
metabolic  pathway.  A  second  strength  of  the  present 
study  is  the  use  of  two  independent  populations  for  the 
validation  of  the  associations  found. 

A  limitation  of  the  present  work  is  that  it  includes 
different  mammogram  views  across  the  different  stu¬ 
dies.  The  main  study  on  Swedish  women  utilized  the 
medio-lateral  oblique  view,  while  mammograms  of  the 
CGEMS  and  of  the  Mayo  Clinic  were  taken  using  the 
CC  view.  Several  studies,  however,  have  shown  correla¬ 
tion  of  densities  from  the  medio-lateral  oblique  and 
CC  views  [46,47],  and  have  shown  that  the  different 
views  yield  similar  associations  with  breast  cancer  [32]. 
In  addition,  the  main  focus  of  this  study  was  on 
genetic  determinants  of  mammographic  density  in 
postmenopausal  women.  Although  no  strong  associa¬ 
tion  was  observed  between  SNPs  in  the  estrogen  meta¬ 
bolic  pathway  examined  and  mammographic  density  in 
postmenopausal  women,  whether  the  same  lack  of 
association  between  common  genetic  variation  in  the 
estrogen  metabolism  pathway  and  mammographic  den¬ 
sity  is  present  in  premenopausal  women  remains  to  be 
clarified. 

Conclusions 

As  mammographic  density  is  generally  considered  an 
intermediate  phenotype  for  breast  cancer,  the  identifica¬ 
tion  of  genes  that  influence  mammographic  density 
would  play  an  important  role  in  risk  prediction  of  breast 
cancer  prior  to  the  start  of  mammography  screenings 
and  shed  light  on  the  mechanisms  behind  breast  cancer 
carcinogenesis.  Overall,  there  is  no  conclusive  evidence 
that  genetic  variants  in  genes  involved  in  the  estrogen 
metabolic  pathway  are  associated  with  mammographic 
density  in  postmenopausal  women.  This  knowledge  will 
be  helpful  for  directing  the  focus  of  future  studies  to 
alternative  pathways  that  may  be  responsible  for  a  larger 
bulk  of  the  genetic  component  of  mammographic 
density. 
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Abstract  Male  newborns  are  somewhat  heavier  than 
female  ones  and  it  has  been  reported,  in  a  Caucasian 
population,  that  mothers  carrying  boys  have  higher  energy 
intake  during  pregnancy  compared  to  those  carrying  girls. 
In  the  context  of  a  prospective  study  comprising  150 
Caucasian  women  in  Boston,  USA  and  243  Asian  women 
in  Shanghai  China,  energy  intake  at  the  second  trimester  of 
pregnancy  was  estimated  based  on  center-specific  food 
frequency  questionnaires.  There  was  a  significant  interac¬ 
tion  (P  =  0.01)  of  maternal  height  with  offspring  gender 
with  respect  to  maternal  daily  energy  intake.  Among  taller 
women,  male  gender  of  the  offspring  was  associated  with 
higher  maternal  energy  intake  (difference  341  kcal/day, 
95%  Confidence  Interval  77  604;  P  —  0.01),  whereas 
among  shorter  women,  no  significant  association  existed 
between  offspring  gender  and  maternal  daily  energy  intake 
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(difference  —213  kcal/day,  95%  Confidence  Interval  —479 
to  54;  P  —  0.12).  Our  findings  indicate  that  the  higher 
somatic  growth  potential  of  boys  in  intrauterine  life  is 
realized  only  when  there  are  no  constrains  imposed  by 
maternal  anthropometry  and  it  is,  then,  associated  with 
higher  maternal  energy  intake  during  pregnancy. 

Keywords  Birth  weight  •  Energy  intake  ■ 

Maternal  height  •  Offspring  gender  ■  Pregnancy 

Introduction 

It  is  established  and  appears  consistent  across  populations 
that  male  newborns  are  somewhat  heavier  than  female  ones 
[1].  In  order  to  examine  whether  the  difference  is 
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accounted  for  by  higher  energy  intake,  or  more  efficient 
energy  utilization  by  a  pregnant  woman  carrying  a  male 
rather  than  a  female  embryo,  a  study  among  Caucasian 
women  in  Boston,  USA  was  undertaken.  In  that  study,  the 
only  one  on  this  topic  in  the  literature,  we  found  that 
pregnant  women  carrying  a  boy  have  an  approximately 
10%  higher  energy  intake  compared  to  those  carrying  a  girl 
[2],  That  study  relied  on  an  international  prospective  study 
on  pregnancy  hormones  and  outcomes  among  women  in 
Boston,  USA  and  Shanghai,  China  [3].  Because  in  earlier 
studies  relying  on  this  cohort  the  database  for  the  Chinese 
diet  was  not  available,  only  data  on  dietary  intakes  for  the 
US  women  were  reported  [3,  4],  With  procession  of  the 
dietary  analyses  on  the  Shanghai  China  data,  we  report  now 
results  based  on  data  from  both  cohorts.  We  were  partic¬ 
ularly  interested  to  examine  the  role  of  maternal  height, 
which  is  different  between  Chinese  and  Caucasian  women 
and  is  a  crucial  determinant  of  birth  weight  [5,  6],  in  the 
association  of  gender  offspring  with  maternal  energy 
intake. 


Materials  and  methods 

Subjects 

Between  March  1994  and  October  1995,  authorized  health 
professionals  met  all  pregnant  women  coming  for  their  first 
routine  prenatal  visit  to  the  collaborating  maternity  clinics 
of  the  Beth  Israel  hospital  in  Boston,  USA  and  the 
Shanghai  Medical  University  in  China  [3],  They  ascer¬ 
tained  the  woman’s  eligibility  to  participate,  explained  to 
her  the  objectives  of  the  study  and  obtained  informed 
consent.  A  total  of  402  Caucasian  women  in  Boston,  USA 
and  424  Asian  women  in  Shanghai,  China  were  identified. 
Eligibility  criteria  included  age  less  than  40  years  (to 
minimize  selection  bias  generated  by  the  unusual  occur¬ 
rence  of  pregnancies  beyond  that  age  and  the  higher  pro¬ 
portion  of  assisted  reproduction  in  that  age  group),  a 
maximum  parity  of  two,  absence  of  a  prior  diagnosis  of 
diabetes  mellitus  or  thyroid  disease,  no  hormonal  medica¬ 
tion  during  the  index  pregnancy  and  no  known  fetal 
abnormality.  The  maximum  parity  of  two  criterion  was 
imposed  by  the  one-child  policy  implemented  in  China. 

Of  the  402  eligible  women  in  Boston,  USA,  77  refused  to 
participate  in  one  or  more  aspects  of  the  study,  9  were  sub¬ 
sequently  excluded  because  of  a  spontaneous  or  induced 
abortion  in  the  index  pregnancy,  2  were  excluded  because  of 
twin  birth,  whereas  10  were  lost  to  follow-up  after  the  initial 
meeting.  Of  the  remaining  304  women,  we  excluded  35 
women  with  gestational  age  below  37  or  above  42  weeks,  16 
additional  women  with  pregnancy  toxemia  and  another  38 
women  with  missing  information  on  essential  (e.g.,  age)  or 


multiple  covariates.  We  have  considered  imputations  for 
these  women  but  we  have  eventually  opted  for  an  assump¬ 
tion-free  approach  rather  for  a  marginal  increase  in  the  sta¬ 
tistical  power  of  the  study.  For  the  present  analyses  we 
excluded  65  women  with  daily  energy  intake  below  1 ,600  or 
above  6,000  kcal,  which  correspond  to  the  lower  5%  and 
upper  90%  of  energy  intake  among  Chinese  women.  Even¬ 
tually,  150  Caucasian  women  were  considered  in  this  study. 

Of  the  424  eligible  women  in  Shanghai,  China,  15 
refused  to  participate  in  one  or  more  aspects  of  the  study,  2 
women  were  excluded  owing  to  induced  abortion  in  the 
index  pregnancy  and  another  2  because  of  twin  birth,  7 
women  were  lost  to  follow-up  and  44  women  were 
excluded  because  they  had  gestation  duration  outside  the 
range  of  37  42  weeks  inclusive.  There  were  no  Asian 
women  with  preeclampsia.  Another  59  women  were 
excluded  because  of  missing  information  on  essential  (e.g., 
age)  or  multiple  covariates.  For  the  present  analyses  we 
excluded  52  women  with  daily  energy  intake  below  1,600 
or  above  6,000  kcal  (which,  as  indicated,  correspond  to  the 
lower  5%  and  upper  90%  of  energy  intakes  among  Chinese 
women).  Eventually,  243  Asian  women  were  considered  in 
this  study. 

The  study  was  approved  by  the  Institutional  Review 
Boards  of  the  Beth  Israel  Hospital,  Shanghai  Medical 
University  and  Harvard  School  of  Public  Health. 

Baseline  data  and  measurements 

Baseline  socio-demographic  and  lifestyle  information  was 
recorded  in  interviews  at  the  16th  and  the  27th  gestational 
week  visit  of  the  women  to  the  clinic.  Information  about 
medical  conditions,  maternal  anthropometry  and  weight 
gain  by  the  16th  and  the  27th  gestational  week  was 
abstracted  from  the  women’s  medical  records.  At  delivery, 
additional  information  concerning  the  newborn,  including 
duration  of  gestation  and  birth  size  parameters,  was 
recorded,  as  previously  reported  [3], 

Dietary  intakes  during  the  second  trimester  were  asses¬ 
sed  through  an  extensive  semi-quantitative  food  frequency 
questionnaire  (FFQ)  filled  in  by  the  women  and  checked 
for  accuracy  and  completeness  by  trained  interviewers 
during  the  2nd  visit  at  the  maternity  clinic  around  the  27th 
gestational  week.  For  baseline  socio-demographic  and 
lifestyle  variables,  the  information  on  both  visits  were 
taken  into  account.  In  the  dietary  questionnaires  there  were 
very  few  instances  (<1%)  where  consumption  information 
was  not  reported  and  we  have  assumed  that  the  corre¬ 
sponding  food  item  was  not  consumed.  For  women  in 
Boston,  USA,  the  FFQ  was  identical  to  the  one  used  and 
validated  in  the  Nurses’  Health  Study  [7],  Intake  of  energy 
and  energy-generating  nutrients  were  calculated  from  the 
dietary  data  using  the  standard  software  used  in  the  Nurses’ 
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Health  Study  [8].  For  women  in  Shanghai,  China,  the  FFQ 
was  reformulated  so  as  to  be  compatible  with  the  local 
dietary  patterns  and  covered  approximately  135  food  and 
beverage  items,  but  it  was  not  formally  validated.  Intake  of 
energy  was  calculated  from  the  dietary  data  using  the  food 
composition  tables  developed  by  the  Chinese  Institute  of 
Nutrition  and  Food  Safety  [9,  10]. 

Information  concerning  the  study  protocol  and  imple¬ 
mentation  has  been  published  [3]. 

Statistical  analyses 

Statistical  analyses  were  conducted  using  the  SPSS  statis¬ 
tical  package  (Statistical  Package  for  Social  Sciences  v. 
16.0,  Chicago,  Illinois,  USA).  We  distributed 

Caucasian  and  Chinese  women  by  maternal  offspring 
characteristics  and,  for  quantitative  variables,  we  estimated 
the  mean  values  and  standard  deviations.  Missing  pre¬ 
pregnancy  maternal  weight  values  (2  in  each  center)  were 
replaced  by  the  respective  center-specific  age  and  height- 
adjusted  mean  values,  whereas  missing  maternal  weight 
gain  values  (12  in  Boston,  USA  and  5  in  Shanghai,  China) 
were  replaced  by  the  respective  center- specific  mean  val¬ 
ues  for  body  mass  index  (BMI)  values  above  or  below  22, 
as  appropriate. 

Initially,  in  each  center,  we  applied  multiple  regression 
models  to  estimate  the  effect  of  the  gender  of  the  fetus 
(male  vs  female)  on  maternal  daily  energy  intake,  con¬ 
trolling  for  maternal  age  (categorically;  less  than  30  years 
of  age,  30  34  and  35+  years),  educational  level  (categor¬ 
ically;  high  school  graduate,  college  graduate,  higher, 
unspecified),  parity  (only  in  the  models  applied  for  Boston, 
USA,  women  since  almost  all  Chinese  women  had  parity 
1),  duration  of  gestation  (continuously;  in  weeks),  maternal 
height  (continuously,  in  centimeters),  pre-pregnancy 
weight  (continuously,  in  kg)  and  weight  gain  during 
pregnancy  (continuously,  in  kg).  We  then  ran  regression 
models  per  center  separately,  as  well  as  overall  controlling 
for  center,  adding  to  the  covariates  indicated  above  an 
interaction  term  between  gender  of  offspring  and  maternal 
height.  Finally,  we  applied  multiple  regression  models  per 
center  separately,  as  well  as  overall  controlling  for  center, 
for  women  of  short  and  tall  stature  according  to  the  center- 
specific  median  cut  off,  i.e.,  165  cm  for  Caucasian  women 
and  160  cm  for  Chinese  women. 


Results 

Table  1  shows  characteristics  of  women  in  the  two  centers. 
Women  in  Shanghai,  China  in  comparison  to  women  in 
Boston,  USA,  were  younger,  mostly  primiparae,  of  lower 


education,  with  lower  stature  and  pre-pregnancy  body 
weight  and  gained  less  weight  during  pregnancy 
(P  <  0.001  in  all  these  comparisons).  Daily  energy  intake 
during  the  second  trimester  of  pregnancy,  estimated  on  the 
basis  of  reported  food  consumption,  was  substantially 
higher  among  women  in  Shanghai,  China  ( P  <  0.001);  it  is 
noted,  however,  that  the  FFQ  used  in  Shanghai,  China 
collected  more  detailed  information  and,  hence,  was  more 
likely  to  lead  to  overestimation  [11,  12],  than  the  ques¬ 
tionnaire  used  in  Boston,  USA.  The  sex  ratio  was  also 
significantly  different  between  the  two  centers  ( P  —  0.02). 
All  indicated  variables  were  adjusted  for  in  the  analyses. 

We  regressed  separately  for  women  in  Boston,  USA 
and  Shanghai,  China  daily  energy  intake  on  maternal  age, 
parity  (only  in  Boston,  USA),  education,  pre-pregnancy 
body  weight,  maternal  height,  weight  gain  until  the  27th 
gestational  week,  exact  duration  of  gestation  and  offspring 
gender.  In  Boston,  USA,  only  gender  of  the  offspring  was  a 
marginally  significant  predictor  of  maternal  energy  intake, 
male  vs  female  gender  being  associated  with  a  daily  energy 
intake  higher  by  173  kcal  (95%  confidence  interval  (Cl): 
—  1  to  347,  P  =  0.05).  In  Shanghai,  China,  gender  of  the 
offspring  was  unrelated  to  energy  intake  (regression  coef¬ 
ficient  of  boys  vs  girls  -54  kcal/day  (95%CI:  —351  to  244), 
P  —  0.72),  and  only  maternal  height  was  a  marginally 
significant  predictor  of  maternal  energy  intake,  with  an 
increase  of  364  kcal/day  per  10  cm  increment  in  maternal 
height  (95%CI:  4  724,  P  =  0.05).  We  repeated  the  model 
for  both  centers  combined,  controlling  for  center.  Maternal 
height  remained  a  significant  predictor  (P  =  0.04)  of 
maternal  energy  intake,  with  an  increase  of  209  kcal/day 
per  10  cm  increment  in  maternal  height  (95%CI:  13  406), 
whereas  the  association  with  offspring  gender  was  non¬ 
significant  (regression  coefficient  of  boys  vs  girls  41  kcal/ 
day  (95%CI:  -147  to  229),  P  =  0.67). 

Because  gender  was  a  significant  predictor  of  maternal 
energy  intake  only  in  Boston,  USA,  whereas  maternal 
height  was  a  significant  predictor  of  maternal  energy 
intake  only  in  Shanghai,  China,  and  because  both  maternal 
height  and  offspring  gender  were  significantly  different 
between  the  two  centers,  we  ran  models  regressing 
maternal  daily  energy  intake  on  the  predictor  variables 
previously  indicated,  but  also  including  an  interaction 
term  for  offspring  gender  by  maternal  height  (continuous), 
separately  in  the  two  centers,  as  well  as  in  both  centers 
combined,  controlling  for  center.  The  results  are  presented 
in  Table  2.  For  maternal  height  and  gender  of  offspring 
with  respect  to  daily  energy  intake,  there  was  a  significant 
interaction  over  both  centers  and  in  Boston,  USA  and  a 
suggestive  one  in  the  same  direction  in  Shanghai,  China. 
These  results  indicate  that,  among  taller  women,  male 
gender  of  the  offspring  is  associated  with  higher  maternal 
energy  intake,  whereas  among  shorter  women,  no 
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Table  1  Distribution  of 
pregnant  women  and  offspring 
gender  in  Boston,  USA  and 
Shanghai,  China  by 
demographic  and  somatometric 
characteristics 


For  continuous  variables  mean 
(SD)  for  categorical  n  (%) 

Women  with  gestational  age 
between  37  and  42  weeks,  no 
eclampsia  and  daily  energy 
intake  between  1,600  and 
6,000  kcal 


Boston,  USA  (n 

150) 

Shanghai,  China  (n  243) 

Maternal  age  (in  years) 

n 

% 

N 

% 

<30 

38 

25.3 

213 

87.7 

30  34 

97 

64.7 

22 

9.1 

35  39 

15 

10.0 

8 

3.3 

Parity 

1 

85 

56.7 

239 

98.4 

2+ 

65 

43.3 

4 

1.6 

Education 

High  school  graduate 

11 

7.3 

110 

45.3 

College  graduate 

69 

46.0 

82 

33.7 

Higher 

70 

46.7 

30 

12.4 

Unspecified 

0 

0 

21 

8.6 

Maternal  height  (in  meters) 

1.54 

14 

9.4 

29 

11.9 

1.55  1.59 

16 

10.7 

74 

30.5 

1.60  1.64 

34 

22.7 

97 

39.9 

1.65  1.69 

42 

28.0 

37 

15.2 

1.70  1.74 

29 

19.3 

6 

2.5 

1.75+ 

15 

10.0 

0 

0.0 

Maternal  pre  pregnancy  weight  (in  kg) 

49 

25 

16.7 

97 

39.9 

50  59 

68 

45.3 

125 

51.5 

60  69 

39 

26.0 

19 

7.8 

70+ 

18 

12.0 

2 

0.8 

Maternal  weight  gain  until  the  27th 

11.4 

4.1 

8.6 

4.3 

gestational  week  (in  kg) 

Duration  of  gestation  (in  weeks) 

40.1 

1.2 

40.0 

1.1 

Daily  energy  intake  (in  kcal) 

2,328 

541 

3,321 

1,105 

Gender  of  offspring 

Male 

73 

48.7 

147 

60.5 

Female 

77 

51.3 

96 

39.5 

significant  association  exists  between  offspring  gender  and 
maternal  daily  energy  intake.  We  repeated  the  analysis  in 
the  Boston,  USA,  cohort  taking  into  account  only  women 
with  parity  1  and  the  critical  statistic,  the  regression 
coefficient  among  women  with  high  stature  in  Boston, 
USA,  had,  if  anything,  slightly  increased  from  348  to 
365  kcal/day. 

Since  women  in  Shanghai,  China,  were  generally  shorter 
than  women  in  Boston,  USA  (Table  1),  one  would  expect, 
on  the  basis  of  the  results  in  Table  2,  that  the  association  of 
maternal  daily  energy  intake  with  offspring  gender  would 
be  more  pronounced  among  Caucasian  women  in  Boston, 
USA  than  among  Chinese  women  in  Shanghai,  China,  as 
indeed  they  were.  In  line  with  these  results,  birth  weight 
and  birth  length  of  offspring  were  substantially  different  by 
offspring  gender  in  Boston,  USA  but  not  so  in  Shanghai, 
China  (Table  3). 


Discussion 

In  a  prospective  study  of  pregnant  women  in  Boston,  USA 
and  Shanghai,  China,  we  found  that  among  women  of 
shorter  stature,  offspring  gender  was  not  significantly 
associated  with  maternal  daily  energy  intake.  In  contrast, 
among  taller  women,  carrying  a  male,  rather  than  a  female, 
offspring  was  significantly  associated  with  higher  maternal 
daily  energy  intake. 

To  our  knowledge,  there  has  been  only  one  previous 
study  examining  gender  of  offspring  in  relation  to  maternal 
energy  intake,  and  this  relied  on  the  Boston,  USA  sub¬ 
sample  of  the  present  investigation  [2],  In  that  study, 
among  the  generally  tall  Caucasian  women  in  Boston, 
USA,  a  significantly  higher  maternal  energy  intake  was 
found  among  women  carrying  a  boy  rather  than  a  girl,  but 
no  attempt  was  made  to  study  interaction  of  offspring 
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Table  2  Regression  derived  mean  difference  (b)  in  daily  energy  intake  of  pregnant  women  carrying  a  boy  rather  than  a  girl  (baseline),  by 


maternal  height  and  study  center 

Maternal  stature 

b  (kcal) 

95%  Cl 

P  value 

P  for  interaction1 

Boston,  USA  (boys  vs  girls) 

<165  cm  ( n  64) 

6.2 

235  to  222 

0.96 

0.03 

>165  cm  (n  86) 

Shanghai,  China  (boys  vs  girls) 

348 

82  to  614 

0.01 

<160  cm  (n  148) 

332 

716  to  52 

0.09 

0.16 

>160  cm  (n  95) 

Both  centers  (boys  vs  girls) 

275 

216  to  766 

0.27 

Shorter  stature  (n  212)b 

213 

479  to  54 

0.12 

0.01 

Taller  stature  (n  181)b 

341 

77  to  604 

0.01 

Controlling  for  maternal  age  (categorically),  educational  level  (categorically),  parity  (for  Boston,  USA  only),  duration  of  gestation  (continu 
ously),  pre  pregnancy  weight  (continuously),  weight  gain  during  pregnancy  (continuously)  and  maternal  height  (continuously) 
a  P  for  interaction  of  offspring  gender  by  maternal  height  (continuous)  with  respect  to  maternal  daily  energy  intake 

b  Definition  of  taller  versus  shorter  is  center  specific  as  indicated.  Controlling  for  center,  maternal  age  (categorically),  educational  level 
(categorically),  parity,  duration  of  gestation  (continuously),  pre  pregnancy  weight  (continuously),  weight  gain  during  pregnancy  (continuously) 
and  maternal  height  (continuously) 


Table  3  Mean  values  of  somatometric  characteristics  of  the  off 
spring  and  energy  intake  among  pregnant  women  by  gender  of  the 
offspring  in  Boston,  USA  and  Shanghai,  China 


Boys 

Girls 

P  value3 

Boston,  USA 

Birth  weight  (gr) 

3,653 

3,520 

0.03 

Birth  length  (cm) 

51.2 

50.0 

0.002 

Energy  intake  (kcal/day) 

2,422 

2,239 

0.05 

Shanghai,  China 

Birth  weight  (gr) 

3,436 

3,414 

0.71 

Birth  length  (cm) 

49.8 

50.2 

0.15 

Energy  intake  (kcal/day) 

3,311 

3,336 

0.76 

a  Comparing  boys  vs  girls  through  the  non  parametric  Mann  Whit 
ney  test 


gender  and  maternal  height  with  regard  to  maternal  energy 
intake. 

Energy  requirements  from  infancy  to  adulthood  are 
higher  for  males  compared  to  females  [13].  Our  findings 
indicate  that  this  pattern  prevails  in  intrauterine  life  also, 
but  in  order  to  be  manifested  there  should  be  minimal  or  no 
constrains  imposed  by  maternal  anthropometry  on  the  fetal 
growth  potential.  Thus,  among  mothers  of  taller  stature, 
birth  size  is  generally  bigger  [3,  5,  14,  15],  and  differences 
in  energy  intakes  during  pregnancy  between  mothers  car¬ 
rying  a  boy  compared  to  a  girl,  as  well  as  differences  in 
birth  size  between  male  and  female  offspring  are  pro¬ 
nounced.  In  contrast,  among  mothers  of  shorter  stature,  not 
only  is  birth  size  smaller,  but  differences  in  energy  intake 
during  pregnancy  between  mothers  carrying  a  boy  com¬ 
pared  to  a  girl,  as  well  as  differences  in  birth  size  between 
male  and  female  offspring  are  also  minimized. 


Strengths  of  our  study  are  its  prospective  design,  reli¬ 
ance  of  a  uniform  protocol  in  both  centers  and  a  reasonably 
large  sample  size.  A  weakness  of  the  study  was  the  use  of 
different  FFQs  in  the  two  centers  which  was  imposed  by 
the  need  to  accommodate  the  characteristics  of  local  diets. 
Indeed,  the  Chinese  FFQ  recorded  detailed  information, 
which  could  lead  to  overestimation  of  total  energy  intake 
[11,  12].  Although  we  excluded  unreasonable  high  values 
of  energy  intake  and  even  though  many  Chinese  women 
were  from  rural  areas,  the  level  of  energy  intake  in  the 
Shanghai,  China  cohort  was  still  unusually  high.  However, 
overestimation  of  energy  intake  is  unlikely  to  be  associated 
with  measurement  of  maternal  height  or  gender  of  the 
offspring  and  the  systematic  difference  in  reported  energy 
intake  between  Boston,  USA,  and  Shanghai,  China,  does 
not  affect  the  reported  results,  which  were  either  studied 
within  center,  or  after  controlling  for  center.  Several 
exclusions  were  necessary,  but  these  were  generally 
undertaken  for  technical  reasons,  which  are  unlikely  to 
have  introduced  bias.  In  some  instances  exclusions  were 
made  because  of  missing  values  (38  women  in  Boston, 
USA,  that  is  9.5%  of  the  total,  and  52  in  Shanghai,  China 
that  is  12.3%  of  the  total),  but  we  have  decided  not  to 
undertake  imputation,  opting  for  more  conservative  find¬ 
ings  rather  for  marginal  increase  of  statistical  power.  The 
Chinese  FFQ  was  modeled  according  to  the  American 
FFQ,  but  it  was  not  independently  validated.  This  would  be 
compatible  with  increased  misclassification  and  effect 
attenuation,  but  it  could  not  bias  the  results  away  from  the 
null,  since  any  errors  in  exposure  ascertainment  are  not 
associated  with  possible  errors  in  the  later  recorded  out¬ 
come  variables. 
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In  conclusion,  we  have  found  evidence  that  among 
women  of  taller  stature,  but  not  among  women  of  shorter 
stature,  offspring  gender  is  significantly  associated  with 
maternal  daily  energy  intake.  These  findings  need  to  be 
replicated,  but  we  interpret  the  existing  evidence  as  indi¬ 
cating  that  the  higher  somatic  growth  potential  of  boys  in 
intrauterine  life  may  be  realized  only  when  there  are  no 
constrains  imposed  by  maternal  anthropometry  and  is, 
then,  associated  with  higher  maternal  energy  intake  during 
pregnancy. 
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